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ABSTRACT 
 
There is no doubt about the fact that the development of improved energy 
conversion and storage devices is the biggest issue in the 21st century. A variety of 
mobile electronics are on the market more than ever, and battery-powered electrical 
vehicles are no longer a dream. However, the energy conversion and storage devices are 
the bottleneck in technological innovation, since the materials which applied to these 
devices have not shifted a lot from the early 20th century; therefore, it is now essential 
that new economic and ecological technologies are found to synthesize better performing 
materials.  
Nanostructured materials for a better energy conversion and storage have been a 
topic of interest because unique mechanical, electrical, and optical properties of materials 
have been observed by confining the materials nano-scaled; hence the improvement in 
performance of the energy conversion and storage devices. There have been proposed 
enormous numbers of studies regarding the synthesis routes for nanostructured materials, 
since materials characteristics depend very much on the applied synthetic routes. In this 
sense, applying ultrasound to the materials’ synthesis has attracted much attention. 
Sonochemistry is found to be a very effective way of producing nano-sized materials 
with unique properties, while ultrasonic spray pyrolysis shows promising results for the 
mass production of the nanostructured materials.   
Therefore in this dissertation, synthesis of nanostructured materials by applying 
ultrasound for the better performing energy conversion and storage devices, specifically 
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supercapacitors, quantum dot sensitized solar cells, and lithium-ion batteries will be 
discussed in detail. For a supercapacitor application, ultrasonic spray pyrolysis has been 
applied to synthesize high capacitance carbon materials with high surface area and 
oxygen-related surface functionality, which are found to be beneficial to improve 
capacitance. Ultrasonic spray pyrolysis has also been applied to the synthesis of porous 
zinc oxide microspheres for quantum dot sensitized solar cells because ultrasonic spray 
pyrolysis is superior in synthesizing porous materials to other conventional synthetic 
routes. For a lithium-ion battery application, the effects of high intensity ultrasound to the 
synthesis of silicon nanoparticles have been investigated. During the research, it was 
found that sonochemical synthesis is capable of synthesizing silicon nanoparticles in 
much faster rate and the resultant particles outperformes other materials synthesized by a 
conventional reaction route. 
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CHAPTER 1 
ULTRASOUND IN MATERIALS’ SYNTHESIS 
 
1.1 Introduction 
Ultrasound is an acoustic pressure wave with a frequency of above 20 kHz, which 
is beyond a human hearing range.1 Due to its unique characteristics, ultrasound has been 
widely used in industries, including a structural safety observation and a diagnostic 
sonography application. Ultrasonic cleaners and ultrasonic humidifiers are other common 
examples of household applications, which utilize cavitation events between 
heterogeneous (solid-liquid) media at 45 kHz or nebulizing events at a comparably high 
frequency range (2 MHz) as pictured in Figure 1.1.   
An application of ultrasound has brought much discussion into a field of materials’ 
synthesis. Ultrasound has been utilized in chemical and material synthesis using the 
extreme conditions, which are created during cavitation, or using the extreme turbulence 
in the liquid that cavitation creates, or using its nebulizing capability for creating 
micrordroplets.1–6 Therefore, in following chapters, such unique characteristics of 
ultrasound will be discussed along with the applications, which ultrasound is utilized.  
 
1.2 Sonochemistry of Homogeneous Mixtures: Reactive Radicals 
On a molecular level, there is no direct interaction of the acoustic field with 
chemical species that can account for sonochemistry.1–6 Since associated acoustic 
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wavelengths in liquid are approximately 100 to 0.1 mm with frequencies of between 15 
kHz and 10 MHz, these are not on the scale of molecular dimensions. Therefore, the 
 
Figure 1.1. A schematic drawing representing a variety of sound waves. Ultrasound is a 
sound wave with a frequency above 20 kHz, which is beyond a human hearing range.
High intensity ultrasound and ultrasonic spray pyrolysis are marked in red because
syntheses of materials with those two techniques will be discussed at following chapters.
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effects of ultrasound are believed to arise from several non-linear acoustic phenomena, 
where acoustic cavitation is the most important one. It is well known that cavitation can 
induce unique high local energy heating (>5,000 K), high pressure (~1,000 atm), and 
ultrafast heating and cooling rates (>1010 K/sec) in a single bubble; in consequence, 
acoustic cavitation has brought a special means of interacting energy and matter, as in 
Figure 1.2.6 
Schematics of acoustic cavitation events are illustrated in Figure 1.3.7 In a liquid, 
bubbles are initially created by the alternate introductions of expansive and compressive 
 
Figure 1.2. Islands of chemistry as a function of time, pressure and energy. Adapted
from reference 6. 
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acoustic waves. Once bubbles are formed, they oscillate along with acoustic field and 
accumulate ultrasonic energy, while growing to several hundred micrometers. In the end 
of the cavitation events, the early mentioned unique and extreme conditions are generated 
when fully grown bubbles collapse and release the concentrated energy as an implosion 
in a localized area. This high energy release can be optically detected as 
sonoluminescence (Figure 1.4) when ultrasound is irradiated on a noble gas (e.g., He, Xe, 
Kr)-saturated inorganic acid (e.g., sulfuric acid, phosphoric acid).8–12 Since this 
phenomenon was observed by Frenzel and Schultes,13 it has been studied as a probe for 
chemical and physical effects of ultrasound. 
Figure 1.3. Schematics of the ultrasound acoustic pressure and corresponding bubble
growth and collapse during acoustic cavitation. Adapted from reference 7. 
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The chemical effects of ultrasound on aqueous and organic solutions have been 
intensively studied as well. Ultrasonic irradiation on such solutions is known to generate 
reactive free radicals,14–17 and as an example, well-studied sonolysis processes of water 
are shown in Figure 1.5.14 As indicated, primary sonolysis products of water are H· and 
 
Figure 1.4. Multi-bubble sonoluminescence observed at sonication of Xe purged 95 wt%
H2SO4. Photograph adapted from reference 12. 
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OH· radicals; then, these radicals recombine to return to their original form (H2O) or to 
produce H2, H2O2, or in some cases, HO2· along with continued ultrasonic irradiation. 
Often, unique chemical reactions in aqueous solutions with ultrasound irradiation are 
attributed to these strong oxidants and reductants. 
Many types of sonochemical apparatuses are available depending on the 
applications; bath type sonicators being the most common apparatus, direct-immersion 
ultrasonic horns, and flow ultrasonic reactors are common, too.3 As one of the examples, 
Figure 1.6 shows a schematic drawing of a direct-immersion type ultrasonic apparatus 
with a glass reactor, which are widely used in sonochemical synthesis and a 
sonoluminescence experiment.6  
The Suslick group has been a major contributor to the development of 
sonochemistry18–32 and sonoluminescence.8–12,33–36 Suslick and coworkers have 
investigated and pioneered the sonochemistry of metals,22,23,27,28,31,32 metal oxides,21,29 
 
Figure 1.5. Free radical formation by water sonolysis. Those strong oxidants and 
reductnats are responsible for unique results obtained by sonochemistry (Reference 14). 
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metal chalcogenides,19,21,30 and metal carbides.18,24,25 For example, syntheses of 
amorphous iron powders28,31 and colloidal iron nanoparticles32 were accomplished by 
ultrasonic irradiation of organometallic precursors. In both cases, iron pentacarbonyl 
(Fe(CO)5) was applied as a volatile organometallic compound, which eventually loses 
CO groups as a result of high intensity sonication. However, there was an interesting 
difference in the resultant products. When a hexadecane was applied as a solvent, 
amorphous iron powders were collected, while colloidal iron nanoparticles were obtained 
in the presence of organic or polymeric stabilizers (e.g., oleic acid or 
 
Figure 1.6. A typical sonochemical apparatus with a directly immersed ultrasonic horn
into a reaction solution.  
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polyvinylpyrrolidone). It has been also reported that in case a sulfur source or an oxygen 
source was added into the reacting Fe(CO)5 solution, metal sulfides or iron oxide 
nanoparticles were obtained, respectively. This versatility of sonochemical synthesis 
makes the route even more valuable; schematics of sonochemistry with organometallic 
compounds depending on applied conditions are summarized in Figure 1.7.2 
Sonochemical synthesis of noble metals is very unique compared with other 
synthesis routes. As mentioned above, sonolysis products of water are responsible for the 
reduction of metal ions as chemical reactions indicate below:3 
H2O ↓ H· + OH· 
 
Figure 1.7. A flow chart describing sonochemical synthesis of nanostructured inorganic 
materials with organometallic precursors. Versatility of sonochemical synthesis is
obvious from the figure. Adapted from reference 2. 
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H· + H· ↓ H2 
H· + OH· ↓ H2O 
OH· + OH· ↓H2O2 
Au(III) (or possibly Ag(I), Pt(II), Pd(II)) + 3H· ↓ Au(0) (or Ag(0), Pt(0), Pd(0)) 
nAu(0) ↓ Aun. 
Organic additives such as, 2-propanol or surfactants are known to promote 
sonochemical reduction by producing secondary radical species as follows:3 
H2O ↓ H· + OH· 
RH + OH· (or H·) ↓ R· + H2O (or H2) 
Au(III) (or Ag(I), Pt(II), Pd(II)) + 3R· ↓ Au(0) (or Ag(0), Pt(0), Pd(0)) 
nAu(0) ↓ Aun. 
Sonochemical routes have enabled various metallic colloid syntheses37–42 as well. 
Grieser and coworkers have reported sonochemical synthesis of gold nanoparticles,43 
platinum-ruthenium bimetallic nanoparticles,44 and gold sols40 by ultrasound. Compared 
with other reports, Grieser’s study is outstanding in that the parameters affecting 
sonochemical reduction (e.g., time, concentration, ultrasound frequency, and organic 
additives) has been investigated and compared.  
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Morphological study of sonochemically synthesized metals is also valuable. 
Usually, it is believed that sonochemical reactions produce spherical particulates as 
Figure 1.8;28,32 however, there can be found much different morphology with 
sonochemical syntheses. For example, gold nanobelts reported by Han and coworkers are 
intriguing (Figure 1.9).38 In their synthetic approach, an aqueous chloroauric acid 
(HAuCl4) solution was sonicated with an addition of -D-glucose as a source of 
secondary radical product. As mentioned, the result was intriguing in that gold nanobelts 
having a width of 30 – 50 nm and a length of several micrometers were achieved. The 
authors attributed this result to the effects of a secondary radical source as a guiding 
 
Figure 1.8. Sonochemically synthesized (a) amorphous iron and (b) iron colloid. 
Adapted from references 31 and 32, respectively. 
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agent (-D-glucose), while acoustic cavitation and shock waves promoted the Ostwalt 
ripening of gold nanobelts. 
Among many sonochemically grown metal oxides, one of the ZnO products 
showed unique morphology (Figure 1.10) as well.45 Jeong and coworkers introduced 
syntheses of ZnO nanorods by ultrasound on various substrates. In this work, synthesis of 
ZnO nanorods (0001) on a Zn sheet, silicon wafer, glass, and polycarbonate were 
demonstrated; compared with a conventional hydrothermal synthesis route, sonochemical 
synthesis showed more than tenfold faster average growth rate, which is around 500 nm/h. 
 
Figure 1.9. Morphology of sonochemically synthesized gold nanobelts at low
magnification (a, b) and at high magnification (c, d), respectively. Adapted from
reference 38. 
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Lately, Suslick and Xu reported the synthesis of strongly fluorescent silver 
clusters with diameters of less than 2 nm by ultrasonic irradiation of silver nitrate 
(AgNO3) as a silver source and a polymethylacrylic acid (PMAA) as a capping agent.46 
It’s been also reported that the proposed synthesis route can control the optical properties 
of Ag nanoclusters by simply varying the conditions, including sonication time, 
stoichiometry of the carboxylic groups, and polymer molecular weight of PMAA. 
 
Figure 1.10. Sonochemically grown ZnO nanorods: (a) Schematic illustration of a
synthesis set-up, (b) synthesized nanorods (sonicated 1 hour) on Zn sheet, (c, d) SEM 
images, and (e, f) TEM images of ZnO nanorods on a Zn sheet. Adapted from reference
45. 
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1.3 Sonochemistry of Heterogeneous Interfaces: Microjets and Shock Waves  
If the surface larger than the size of cavitating is subjected to ultrasound, 
cavitation events still occur, but bubbles collapse asymmetrically.3 Since a diameter of 
one cavitating bubble is around 100 m under 20 kHz of sonication, spherical implosion 
of the cavity is no longer available, but the bubble wall accelerates inward and results in 
the formation of a liquid microjet. This microjet travels inward and passes through the 
 
Figure 1.11. Cavitation near a liquid-solid interface photographed by a high-speed 
camera with 75,000 frames per second. Laser-induced cavitation near a solid surface 
shows the formation of a microjet. Adapted from reference 47 and 48. 
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opposite side of the bubble, that is, a high speed jet (more than 100 m/s) of liquid is 
formed and smashes the extended surface.4,47,48 A series of photographs by 
Lauterborn47,48 in Figure 1.11 and a schematic drawing of the event by Crum5 in Figure 
1.12 clearly show how the bubble oscillates and collapses. The origin of this microjet 
formation is the shaped charge effect, which can be widely found in military warhead 
designs. According to the local radius of curvature, the rate of collapse proportionally 
increases; therefore when a collapse of a bubble begins, it does so with an elliptical 
 
Figure 1.12. A photograph of (a) a bubble collapsing at an extended surface and (b) a
schematic drawing of the event. Adapted from reference 5. 
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asymmetry, which is self-reinforcing and eventually creates a fast jet on the surface. Due 
to the high speed and high energy transfer during the events, surface erosion, pitting, and 
ultrasonic cleaning can be observed.4 Along with those effects, greatly enhanced surface 
reactivity of the materials can be detected, because of the impact of shock waves 
generated by a cavitational collapse.4 Ultrasonic impingement is known to produce shock 
waves with a pressure of ~104 atm, such that erosion and unpassivation of surface occurs; 
as a result, enhanced reactivity of materials can be achieved.4  
 
Figure 1.13. Optical micrographs of the sonofragmented acetylsalicylic acid (aspirin): (a) 
before sonication, (b) after 1 min of sonication, (c) after 3 min of sonication, and (d) after
10 min of sonication at 10 W/cm2 and 20 kHz with 2 wt% slurry in dodecane. Adapted
from reference 26. 
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Most recently, a sonofragmentation of particles caused by a shock wave is added 
to the effects of a shock wave created by ultrasound irradiation. Zeiger and Suslick have 
successfully ruled out many possible mechanisms of a particle breakage such as, particle-
particle, particle-horn, and particle-wall collisions by kinetics study.26 From the 
observation, they deduced a breakage by a particle-shock wave interaction as a viable 
mechanism for sonofragmentation of acetylsalicylic acid (aspirin), as shown in Figure 
1.13. 
 
1.4 Sonochemistry of Smaller Particles: Interparticle Collisions 
If a reaction mixture is slurry of particles smaller than 200 m, reaction 
mechanism does not rely on ultrasonic microjets anymore; it is an interparticle collision, 
instead.4,23,49 Since an asymmetric bubble collapse and a microjet formation from 
cavitation events can occur on a solid surface, which is several times larger than the 
resonating bubbles. Therefore, in this case, another reaction mechanism should arise. 
Interparticle collisions induced by homogeneous cavitation events are known to have 
impact speeds of more than several hundred m/s and effective transient impact 
temperature of as high as 3,000 K.4,22,23,27,49,50 This effect is so intense that melting, 
fracturing of particles21 or smoothing and aggregation of malleable materials22,23,27,50 can 
be observed as one of the examples is shown in Figure 1.14.23  
Suslick and Prozorov have successfully set up a quantitative model for the effect 
of shockwaves on particles of slurry. During their research, a maximum interparticle 
impact velocity of ~ 3,500 m/s was calculated with particles with a radius ~15 m, taking 
17 
 
the competing factors into account, such as increasing cross-section against increasing 
viscous drag.49 Figure 1.15 shows the expected optimal particle size range for 
interparticle collisions.   
 
Figure 1.14. SEM image of 5 m average diameter Zn powder after 30 min of sonication
(20 kHz and 50 W/cm2) in decane. Neck formation from localized melting by high
velocity inter-particle collisions is observed. Adapted from reference 23. 
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Figure 1.15. SEM images of Zn powders: (a) before sonication, (b) after 90 min
sonication of 2% w/w decane slurry, and (c) less agglomerated ZnO after 90 min
sonication of a 70% w/w decane slurry. Calculated velocity as a function of particle 
radius is shown at the bottom. Adapted from reference 49. 
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This interparticle collision mechanism has been applied to many syntheses of 
metals or mixed-metal heterogeneous systems. Casadonte and Sweet investigated an 
effect of materials softness and size in interparticle collisions of heterogeneous Co/Ni, 
Al/Ni, Al/Co, Cu/Mo systems.51–53 During their research, it was found that a relatively 
softer material is subject to be fragmented and coated on a harder material by the impacts 
generated by interparticle collisions. For example, Ni-covered Co particles were observed 
by the ultrasonic irradiation of a bimetallic Co/Ni slurry system; authors attributed this 
result to a difference in materials’ hardness, where Ni is about 8 times softer than Co. 
Along with this observation, another result about a particle size effect on interparticle 
collisions is very interesting. For this study, 5 m Ni and 250 m Mg were sonicated 
together and found that there was no Ni coating on Mg or Mg coating on Ni observed, 
presumably due to the lack of sufficient energy propel for larger Mg particles. 
 
1.5 Ultrasonic Spray Pyrolysis (USP) 
Ultrasonic spray pyrolysis (USP) is one of the attractive reaction pathways to 
generate metal oxide and metal/carbon composite particles with the same chemical 
composition from particle to particle.54 This is possible because the precursors are present 
in the correct stoichiometry in each droplet produced by the ultrasonic atomizer; in other 
words, chemical reactions are confined in a micron-sized space. In USP, the aerosol 
droplets are formed by a high-frequency ultrasonic atomizer; the droplet size is governed 
by parameters defined in the following Lang equation: 
ܦௗ௥௢௣௟௘௧ ൌ 0.34ሺ଼గఊఘ௙మሻ
ଵ ଷൗ      (1.1) 
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 , where  (N/m) is surface tension of a precursor solution,  (kg/m3) is solution density, 
and f (MHz) is frequency of the atomizer. For example, in case of water, spherical 
droplets with a mean diameter of ~3 m are obtainable from the following parameters; 
7.2 x 10-2 N/m for , 0.9 g/cm3 for , and 1.7 MHz for f at 25 °C. This ultrasonic 
atomization is resulting from capillary waves, that is, a consequence of momentum 
transfer induced by the waves travelling along the interface between two fluids: a 
solution and the atmosphere facing the solution. The capillary waves generated by 
ultrasonic vibrations at the liquids’ surface consist of crests and troughs and when the 
amplitude of the waves is sufficiently high, the crests (peaks) of the waves can break off, 
resulting in liquid droplets as shown in Figure 1.16.55 The droplets are then suspended in 
 
Figure 1.16. A schematic drawing of ultrasonic nebulization of a liquid (left) and a 
photograph of an ultrasonic fountain with a 1.7 MHz ultrasonic nebulizer (right). A
piezoelectric transducer is colored in yellow and propagating sound waves are marked in
blue in the top figure. Adapted from reference 54.  
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Figure 1.17. A typical apparatus for ultrasonic spray pyrolysis (USP) synthesis of
materials. Thermally induced particle reactions take place while ultrasonically nebulized
mists are flown into a hot furnace with a temperature ~1,000 °C. 
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a gas flow and heated by passing through a tube contained in a furnace, where thermally 
induced chemical reactions in the particles or reaction with gaseous reactants convert the 
precursors to the product powders as Figure 1.17 illustrates. If the concentration of the 
precursor solution (Cs), molecular weight (M), and product density () are known, then 
the average particle size (Dp) can be estimated by a following equation:   
ܦ௣ ൌ ቀெ஽೏
య஼ೞ
ଵ଴଴଴ఘ ቁ
ଵ ଷൗ
.    (1.2) 
Aqueous solutions containing precursor concentrations in the range of 0.02 M to 2.0 M 
which are nebulized using a 1.7 MHz ultrasonic atomizer produce product particles with 
diameters in the range of 200 nm to 2 m, for example. 
One of the biggest assets of spray pyrolysis is the ability to make crystalline 
micron-sized spherical powders, which is difficult to get by other competing approaches 
(e.g., precipitation, hydrothermal method, and solid-state reaction). So far, spray 
pyrolysis method has enabled syntheses of fine monometallic oxides such as, Fe2O3,56–58 
SnO2,59 NiO,60–62 ZnO,60,63–65 MgO,60 ZrO2,66–68 Y2O3,69 Al2O3,70,71 Co3O4,72 TiO2,66 
V2O5,73 Bi2O3,73,74 and others. Syntheses of spinel materials (e.g., MgAl2O4,75–77 
LiMn2O4,78,79 ZnFe2O4,80 ZnCr2O481), and perovskites (e.g., LaCoO3,82–84 LaFeO3,85 
BaTiO3,86 and Pb[ZrxTi1-x]O387), have been reported as well.   
Versatility, another advantageous characteristic of USP synthesis, can be found in 
synthesis of metal powders and their alloys (e.g., Ag,88 Pd,89 Au,90 Cu,91 Co,92 and Ag-
Pd93). Unlike other synthesis routes, simply modifying the above conditions for oxide 
synthesis by changing a flow gas91,92 or adding a co-solvent94 can produce metal powders 
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with USP. For example, it has been reported that reductive ambient is often created by 
applying alcoholic precursors, which are able to create an in-situ reductant (CO, H2, and 
CH4) in non-precious metal powder syntheses.91,94 
 
 
Figure 1.18. SEM image of porous MoS2 catalyst for a hydrodesulfurization application 
(left) and the comparative study about catalytic activities of conventional MoS2, RuS2, 
porous MoS2, and Co-doped MoS2 particles (right). Adapted from reference 94. 
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ZnS:Ni2+
SiO2
ZnS:Ni2+ wurtzite
nanoparticles
HFLiquiddroplet
700 oC
ZnS:Ni2+ zinc blende
hollow microspheres
 
Figure 1.19. A schematic of synthesis routes of two different types of Ni-doped ZnS
particles (top). SEM (a) and TEM (b) images of hollow ZnS:Ni2+ spheres are shown at
the bottom. Adapted from reference 95. 
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Unique morphology of USP products has proven also advantageous, since porous 
or hollow shell structures have shown improved catalytic activities in a 
hydrodesulfurization (HDS)95 or a photocatalytic water splitting applications.96 For a 
 
 
 
Figure 1.20. SEM images of (a) SiO2-TiO2 composite as synthesized by USP, (b) after
HF treatment, (c) TiO2-TiO2 composite with cobalt oxide nanoparticles as synthesized by
USP, (d) after HF treatment of the product (c), and (e) SEM and (f) TEM images of ball-
in-ball TiO2 spheres with cobalt oxide nanoparticles after HF treated. Adapted from
reference 96. 
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HDS application, Skrabalak and Suslick synthesized porous MoS2 spheres by 
implementing a sacrificial template (SiO2) into USP.95 First, SiO2/MoS2 nanocomposites 
were formed as a result of the decomposition of a single-source MoS2 precursor in an 
aqueous suspension of colloidal silica particles; after a subsequent etching of SiO2 by a 
HF solution, porous MoS2 was successfully achieved as shown in Figure 1.18. The 
resultant porous spheres outperformed a conventional MoS2 catalyst and when it was 
doped with Co, catalytic activity of MoS2 even exceeded that of RuS2 catalysts, which 
were known to have the highest HDS ability in nature. Also it was proven by the report 
that porous structures were more effective than non-porous MoS2 particles. 
  For a photocatalytic water-splitting application, either Ni-doped ZnS (ZnS:Ni2+) 
hollow spheres or ZnS:Ni2+ nanoparticles were synthesized by USP, followed by the 
post-treatments for each product as shown in Figure 1.19.96 During the report, Bang and 
Suslick reported the synthesis routes for each resultant product and successfully showed 
the enhanced photocatalytic activity of the USP products by the comparative study. 
Among the candidates, ZnS:Ni2+ nanoparticles greatly outperformed the others.   
More unique morphology of USP products can be found in the study by Suh and 
Suslick as in Figure 1.20. The authors prepared porous, hollow, and ball-in-ball metal 
oxide microspheres with USP.97 When a solution mixture of a titanium complex and 
silica colloids was applied to USP, TiO2-SiO2 composites were obtained, as a result. 
Although the role of transition metal ions during the ball-in-ball structure synthesis is not 
clear, the metal ions seem to facilitate a phase separation between TiO2 and SiO2 within 
the aerosol particles. The authors expected a usage of these unique microspheres in a 
selective drug delivery application. 
27 
 
 
Along with syntheses of metals and metal relatives, uniquely structured porous 
carbon spheres have been synthesized with in-situ templates and applied to many real-
world applications. Skrabalak and Suslick systematically studied the chemistry of porous 
carbon formation with USP of alkali halocarboxylates precursors (Figure 1.21).98–100 
During their research, thermogravimetric analysis (TGA) of the precursors revealed that 
decomposition and melting behaviors of precursors during the syntheses were responsible 
for the unique structures; therefore, morphology can be controlled by an appropriate 
precursor selection. Interestingly, none of the carbon structures were in need of sacrificial 
 
Figure 1.21. SEM images of USP porous carbon materials from various precursors: (a)
lithium chloroacetate, (b) sodium chloroacetate, (c) potassium chloroacetate, (d) lithium 
dichloroacetate, (e) sodium dichloroacetate, and (f) potassium dichloroacetate. Adapted
from reference 98. 
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templates for porous structure formation; instead, in-situ templates such as LiCl, NaCl, 
CO2, H2, and HCl, which were formed during the thermal reaction and made carbon 
microspheres porous. Surprisingly, carbon synthesized by lithium dichloroacetate had a 
 
Figure 1.22. TEM images of iron oxide-carbon composites synthesized by (a-d) 
chloride-based iron precursors and (e-h) nitrate-based iron precursors with sucrose as a 
carbon source at 500, 600, 700, and 800 °C (left to right). Images at the bottom are blow-
up pictures of iron-oxides in the composites synthesized by (a) chloride precursor and (b) 
nitrate precursor. Adapted from reference 100. 
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specific surface area of 710 m2/g, which is comparable to commercially available 
activated carbon materials synthesized by tedious reaction routes.   
Ability of USP to synthesize organic-inorganic composites is also noteworthy; an 
iron oxide-porous carbon composite and an aluminum-carbon nanothermite composite 
are good examples. For the iron-oxide impregnated carbon sphere synthesis, Fortunato 
 
Figure 1.23. TEM image of Aluminum-carbon thermite composite synthesized from 
USP of 1.0 M trimethyl aluminum hydride and titanium tetrachloride at 100 °C. Adapted
from reference 101. 
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and Suslick introduced aqueous solution mixtures of iron chloride or iron nitrate with 
sucrose as a carbon source into USP apparatus, and achieved the composites as shown in 
Figure 1.22.101 On the other hand, Helmich and Suslick developed a chemical aerosol 
flow synthesis (CAFS) of hollow aluminum-carbon composites without any templating 
agent by USP of trimethylamine aluminum hydride (TMAH) in the presence of titanium 
tetrachloride (TiCl4) vapor.102 Helmich attributed this unique morphology to the diffusing 
nature of TiCl4 into the TMAH droplets and evolution of gaseous molecules from the 
decomposition of TMAH droplets. Aluminum particles were found to have diameters of 
 Ultrasonic Spray Pyrolysis High Intensity Ultrasound 
Reaction site Liquid microdroplets Gas bubbles 
Conditions 500 – 1,300 K, 1 bar ~5,000 K, 1,000 bar 
Reactants Nonvolatile solutes Volatiles primarily 
Cooling rates 104 K/s >1010 K/s 
Templating Easy Easy 
Heating zone Multiple hot zones possible Single extreme hot zone 
Scalability Easily scalable: ton/day Scalable: kg/day 
Particle size control Sub-micron or nanoparticles Sub-micron or nanoparticles 
Composition control Easy Easy 
Anisotropic shapes Typically no Yes 
Hollow structures Yes Yes 
Core/shell structures Yes Yes 
 
Table 1.1. Comparison of ultrasonic spray pyrolysis and high intensity ultrasound in
synthesis of nanostructured materials. Table adapted from reference 3. 
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around 300 nm with carbon shell structures with thicknesses around 25 nm, as shown in 
Figure 1.23. The resultant particles had comparable activity to commercial thermite 
materials and this activity was not lost even after 5 month, probably due to the carbon 
shell limiting oxidation of aluminum particles. 
 
1.6 Summary 
To summarize, ultrasound has brought interesting discussions into materials’ 
synthesis due to the unique morphological/physicochemical properties of resultant 
particles and ease of generalization to the resultant particles. Also, versatility of both high 
intensity ultrasound and USP is one of the biggest assets of the synthesis routes. As 
summarized and compared in Table 1.1, ultrasound-applied synthesis routes are superior 
to other conventional routes in scalability and controllability, such that ultrasound is 
expected to boost the synthesis of new materials for more applications. 
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CHAPTER 2 
NANOSTRUCTURED MATERIALS FOR ENERGY CONVERSION DEVICES 
 
2.1 Introduction 
Devices for converting energy from one from to another have been important 
since early civilization. For example, the internal combustion engine (which converts 
chemical energy to mechanical energy) played an important role in the early 20th century, 
while rechargeable secondary batteries (which convert chemical energy to electrical 
energy) and solar cells (which convert light to electrical energy) are important energy 
conversion devices, but are still in their early stages of development.  
The Ragone plot shows a schematic representation of a variety of energy 
conversion devices based on their performance characteristics (Figure 2.1). This plot was 
first introduced to illustrate differences in battery performance, but has been expanded to 
most energy conversion devices in a log-log scale graph.1–3 The plot consists of three 
axes: power density (horizontal), energy density (vertical), and energy transfer time 
(diagonal). Power density can be expressed in watts per kilogram (W/kg = voltage · 
electric current / mass) and indicate how large of an acceleration of a device is capable of 
providing (in transportation terms). The other axis, energy density (watt hour per 
kilogram, Wh/kg = voltage · electric current · time / mass), indicates the range of a 
device (also in terms of transportation). Therefore, based on the plot, capacitors (for 
example) can generally be considered as effective for acceleration but with a poor range.3 
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Nanostructured materials for energy conversion devices have attracted 
considerable attention because of their unique physical and chemical characteristics, 
which arise primarily from size confinement effects.4,5 There are, however, some 
disadvantages and difficulties associated with making materials nano-scaled.  Proper 
choices of materials tailored to specific applications must be made.   
In this chapter the three most developed types of advanced energy conversion 
devices will be introduced: electrical double layer capacitors, lithium-ion batteries, and 
quantum dot sensitized solar cells. Following that, the importance and effects of 
nanostructured materials in these devices will be discussed in detail. 
 
Figure 2.1. The Ragone plot of energy conversion devices. The plot consists of three
axes: power sensity (horizontal), energy density (vertical), and energy transfer time
(diagonal). Figure adapted from US defense logistics agency (www. dla.mil).  
42 
 
2.2 Electrical Double Layer Capacitors (EDLCs) 
Electrical double layer capacitors (EDLCs) have unique characteristics that can 
make them desirable over other energy storage devices. First of all, EDLCs store 
electricity by forming electrical double layers between a surface of an electrode material 
and ionic species dissolved in an electrolyte solution as in Figure 2.2.1 Electrode 
materials are all electrically connected to current collectors of each side, so that electrons 
can flow through a circuit and eventually be stored as illustrated. Because it stores charge 
on its surface, having a high surface area, as is the case for nanostructured materials, is 
greatly beneficial.1–10 Studies on graphenes7–10 illustrate this principle. Single layer 
graphenes are a molecular level carbon structure with a measured specific surface area of 
above 1,300 m2/g. Using this material, Yoo and coworkers achieved a capacitance as high 
as 250 F/g.8 
Secondly, EDLCs store a large number of charges on its surfaces by an 
electrostatic interaction, which allows for extremely fast charge and discharge cycling 
with a high current density.3 Compared with other conventional chemical batteries, 
EDLCs can perform more than 1,000 times faster; therefore EDLCs have found 
applications in the automotive industry, where a high current and fast cycling process are 
required.1–6 Long life and little degradation in performance over thousands of cycles are 
also beneficial.1–6 This is possible because EDLCs do not contain any species that are 
chemically reactive during a cycling operation, which is another advantage of EDLCs for 
automotive applications.   
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Conventional EDLCs are mostly comprised of carbon-based materials or metal 
oxides with a high surface area for both cathode and anode electrodes. For example, 
activated carbon materials with a surface area of as high as 1,200 m2/g are 
commercialized and known to have capacitances of 100 – 140 F/g.1–14 However, as 
better-performing EDLCs have been required from non-traditional EDLC markets (e.g., 
hybrid electrical vehicles, home electronics, and power tools), there have been three 
major approaches to overcome their intrinsically low energy density and to achieve a 
higher self-discharge rate compared with other electrochemical batteries: using new kinds 
 
Figure 2.2. Schematic drawings of (a) a conventional capacitor and (b) an electrical 
double layer capacitor (EDLC). Figures are representing their charged states. Figures
adapted from reference 1.  
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of carbon materials (carbon nanotubes, graphenes, or polymers),7–10,15–23 synthesis of 
metal oxides for pseudo-capacitance (MoO3, MnO2, RuO2),24–27 and lastly, making 
composites out of those two kinds of materials (carbon-metal oxide or polymer-metal 
oxide composites).28–30 As an example, graphene-polyaniline composites for EDLC 
application is shown in Figure 2.3.10 During this research, Wu and coworkers synthesized 
simply by a vacuum filtration of the mixed dispersion of graphene and polyaniline 
nanofibers, and successfully obtained capacitance of 210 F/g at a discharge rate of 300 
mA/g.  
 
 
Figure 2.3. Cross-section SEM images of (a, b) graphene-polyaniline nanofiber 
composites for electrical double layer capacitors, (c) polyaniline nanofibers alone, and (d)
films prepared by vacuum filtration. Figures adapted from reference 10.  
45 
 
 
Due to their characteristic advantages, EDLCs are mostly used in industrial 
applications at the moment. However, as new materials have been synthesized and shown 
much improved energy density, it will be more common to see EDLCs in more 
applications.  
 
2.3 Lithium-Ion (Li-ion) Batteries 
Since one of the biggest Japanese electronics manufacturer, SONY, successfully 
merchandised its first Li-ion batteries with graphitic carbon and LiCoO2 materials in 
System 
Specific energy (Wh/kg) 
Energy density 
(practical) (Wh/L) 
Theoretical Practical 
Alkaline (zinc)/ manganese cell 336 50 – 80  120 – 150 
Zinc/ carbon 358 60 – 90 140 – 200 
Lead-acid 170 35 90 
Nickel/ cadmium 209 50 90 
Nickel/ metal hydride 380 60 80 
Lithium ion/metal oxide 550 – 550 150 220 
 
Table 2.1. Comparison of primary and secondary battery system. Lithium-ion battery
outperforms in all categories compared with other systems. Adapted from reference 31.  
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1990, Li-ion batteries now have been applied to not only small electronics, but also 
power tools, electric vehicles, and even aerospace applications due to their outstanding 
performances compared with conventional secondary batteries.31 As Table 2.1 indicates, 
Li-ion batteries outperform other secondary batteries in all categories, including specific 
energy density, specific volume density, and specific charge capacity.32 Li-ion batteries 
also have an exceptional operating voltage: an average of 3.6 V and a maximum of 4.2 
V.1  
In brief, Li-ion battery assemblies consist of two electrodes, a cathode and an 
anode, a separating film between the electrodes, and an electrolyte solution in a nickel-
coated stainless steel outer shell (Figure 2.4). Electrode materials are coated on aluminum    
(cathode) and copper (anode) current collectors to ensure chemical stability at their 
operational voltage ranges: 0 to 1 V vs Li/Li+ for the anode and 3.5 to 4.5 V vs Li/Li+ for 
the cathode, respectively.  
A voltage profile and a schematic representation of the charging process with 
graphitic carbon and LiCoO2 can be represented as indicated in Figure 2.5,33,34 for 
example. Nominal voltages for each electrode are found to be around 1 V for anode (E(-), 
left axis) and close to 4.0 V for cathode materials (E(+), right axis) against a Li/Li+ 
counter electrode. Total cell voltage at this point is around 3.0 V since a cell voltage is 
represented as Ecell = E(+) - E(-). As current is applied for charging, lithium ions get 
extracted from the cathode material and inserted into the anode materials through a 
lithium-ion rich electrolyte solution (e.g., LiPF6, LiBF4, or LiClO4). Eventually the 
cathode potential increases up to 4.2 V as it gets oxidized, while the anode potential 
decreases down to 0 V due to the intercalation of lithium ions; as a result, the cell voltage 
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becomes ~ 4.2 V for Li-ion batteries when they are fully charged. Discharge processes of 
Li-ion batteries are an exact reverse process of the charging process described above, 
while electrons flow through an external electrical load. 
Li-ion batteries recently had to have a high speed charge-discharge ability for an 
automotive applications; this means using a battery as an actual power for motorizing a 
vehicle, rather than as an 11 V back-up power source as it is now. In a simple calculation, 
a Li-ion battery with capacity of 1,500 mAh in a cellular phone can operate for more than 
24 hours if the phone consumes less than 70 mA in an hour. However, to run a real-world 
 
Figure 2.4. A schematic image of a cylindrical lithium-ion battery. A cathode and an 
anode electrodes, and a separator film form a ‘jelly roll’ inside a stainless steel can.
Figure adapted from http://www.greenmanufacturer.net. 
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vehicle with a 100 horse power motor, 75 kW of electric power is needed,1 which means 
that about 1,000 times more current must be available for acceleration; this would 
 
Figure 2.5. A schematic image of a charging process (top) and a voltage profile
corresponding to the charging process (bottom). The voltage profile describes when 
graphitic carbon (anode) and LiCoO2 (cathode) are used. Adapted from reference 33 and 
34. 
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entirely consume the battery in the cell phone example (1,500 mAh) in 4 seconds. To 
overcome this obstacle, nanostructured electrode materials have been focused on more 
than ever. Nanostructured battery materials behave very differently from conventional 
bulk materials in that nanomaterials enable faster charge-discharge cycles by allowing Li-
ions to react more efficiently and effectively. 
Not all nanomaterials are suitable for new applications, however. In the following 
chapters, cathode and anode materials will be discussed separately to get a better idea 
about proper nanomaterials for each electrode.    
 
2.3.1 Cathode Materials 
The most common type of cathode material currently is a spinel-structured 
LiCoO2 intercalation material because of its easy synthesis and moderately high charge 
capacity (150 mAh/g) at a high potential range (between 3.5 – 4.5 V vs. Li/Li+)35–39 as 
shown in Figure 2.6. Conventional synthesis of LiCoO2 is performed by a solid state 
reaction between lithium carbonate (Li2CO3) and cobalt oxide (CoO2) in a high 
temperature furnace (>1,000 °C). During the charging process, LiCoO2 loses some 
portion of its electrons and lithium ions as the half chemical equation indicates below:  
LiCoO2 ∏ Li1-xCoO2 + xLi+ + xe- (where 0 < x < 1).   
In this reaction a careful voltage cycle must be applied so as not to extract too 
many lithium ions (x > 0.7) from LiCoO2, otherwise the spinel structure of the material 
will collapse and eventually lead to performance failure of the battery.  
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Taking these factors into account, the effect of nanostructured LiCoO2 on high-
rate cycling has been reported by Okubo and coworkers.40 In their research, it was found 
that reducing particle size below 15 nm showed an adverse effect, while 17 nm LiCoO2 
showed improved high-rate cycling ability over a bulk material at higher current density 
operation. This is an interesting finding in that smaller particles do not always enhance 
performance.    
 
 
Figure 2.6. Voltage versus capacity of several electrode materials relative to the window
(red dashed lines) of the electrolyte 1 M LiPF6 in EC/DEC (1:1). LiCoO2 shows 
moderate capacity and high redox potential compared with other cathode materials.
Adapted from reference 35. 
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Other than LiCoO2, studies about lithium-transition metal oxide materials such as 
LiNiO2, LiMn2O4, LiNi1-xMnxO, and LiCo1-xMnxO and nanostructured architectures of 
those materials have been intensively studied as candidates to replace LiCoO2.1,32,35,41–43 
 
Figure 2.7. SEM images of 3-dimensional (3-D) cathode structures by following the 
synthesis procedure: (a) nickel inverse opal after electrodepositing with 1.8 m 
templates, (b) NiOOH/nickel composite, (c) cross-section of NiOOH/nickel after cycling, 
(d) nickel inverse opal after electrodepositing with 466 nm temlates, (e) MnO2/nickel 
composite, and (f) cross-section of lithiated MnO2/nickel composite cathode. Adapted 
from reference 43. 
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Among them, a 3-dimensionally (3-D) constructed cathode material showed very 
promising result for nanostructured materials for a higher rate application recently. Zhang, 
Yu, and Braun reported that discharging over 1,000C was possible with their 3-D 
bicontinuous nanoarchitecture consisting of MnO2 and nickel as shown in Figure 2.7.43 
According to their research, 3-D bicontinuous structures provide efficient and rapid 
ionic/electronic transport that eventually makes ultrafast charge/discharge possible, 
which is needed for an automotive application.  
Outside of traditional lithium-transition metal spinel materials, olivine-structured 
LiFePO4 has attracted much attention in recent years.35,37,42,44–47 This material is 
composed of inexpensive raw materials (iron, phosphorous, and oxygen), allowing for the 
realization of more cost-effective cathode materials. The performance of LiFePO4 is 
similar to or better than conventional materials. For example, Ceder and Kang introduced 
the superb charge/discharge capability of this material by implementing a fast ion-
conducting surface phase, which is what is needed for an automotive application.44 
During their report, the above mentioned material after 100th cycle still showed stable 
discharge capacity (120 mAh/g) at 197C and a moderate discharge capacity (60 mAh/g) 
at 397C, where a 1C represents a complete charge or discharge in an hour, as shown in 
Figure 2.8. However, although LiFePO4 has shown promising results, lower redox 
potential range (about 3.2 V against Li/Li+) still leaves a problem to solve for the 
realization of commercial batteries.35 
 
2.3.2 Anode Materials 
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As mentioned above, graphitic carbon materials (either natural or artificial) have 
been the most widely-used anode materials since the development of Li-ion batteries 
 
Figure 2.8. TEM image of LiFe0.9PO4 material with poorly crystalized outermost layer 
(top) and its discharge capacity at 197C and 397C, where C stands for a current rate
needed to fully charge or discharge in one hour (bottom). Figures adapted from reference
44. 
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SONY.1,31,32,35,37,48 This popular graphitic material once had a severe problem to 
overcome for a commercialization: the carbon surfaces reacted with the electrolyte 
solutions. Side reactions between carbon and the electrolyte solution at higher voltages 
created gaseous byproducts inside and caused the cells to explode or leak. This could be a 
fatal problem for Li-ion batteries since most organic electrolytes are very flammable. To 
solve this problem, SONY incorporated an electrolyte solution mixture, ethylene 
carbonate (EC) and diethyl carbonate (DEC) or dimethyl carbonate (DMC) into the 
system. Specifically, EC is known to produce a stable interfacial layer on graphitic 
carbon surfaces at earlier charging cycles, which is permeable enough for Li-ions to 
migrate, but prevents further reactions with electrolyte solutions. This is what is now 
called a solid electrolyte interface (SEI) layer. A schematic drawing and a general 
composition of SEI layers are shown in Figure 2.9.1 By incorporating an SEI into Li-ion 
batteries the safety of the cells is ensured and usage of Li-ion batteries has been widely 
increased for a variety of applications.  
The charging process of carbon materials occurs as in the following half reaction: 
xLi+ + xe- + C6 ∏ LixC6 (where, 0 < x < 1). 
As the redox equation indicates above, six carbon atoms accept (intercalate) and 
release (disintercalate) one lithium ion. The diffusion coefficient of lithium ions in a 
graphitic carbon is found to be between 10-9 and 10-11 cm2/s, which is usually the rate 
determining step for Li-ion batteries.49  
Again, to meet the market demands of new applications, materials with more 
capacity and faster cycling abilities are necessary. As an anode material, nanostructured 
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metals (Si50–65, Sn66,67), metal oxides (Co3O4,68 TiO2,67,69–78 Fe2O379), new carbon 
materials (carbon nanotubes, graphenes)80, and composites (metal-metal,66,81–85 metal 
oxide-carbon,86,87 metal-carbon88–100) have been proposed and shown promising results 
 
Figure 2.9. Schematic drawings of solid electrolyte interface layer (SEI, areas denoted as
green layers) formation mechanism (top) and a blow-up picture of an anode side SEI 
layer and the consisting chemical components (bottom). Adapted from reference 1. 
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by far. Figure 2.10 shows an effect of nanostructured material very clearly.79 Of these, Si 
and graphenes are currently the most heavily studied materials. Silicon nanotube 
structures reported by Cho and coworkers have shown the highest capacity (3,247 mAh/g) 
over the largest number of cycles (200 cycles) ever.50 They synthesized a nanotube 
structure by applying a sacrificial template and a silicon nanoparticle solution (Figure 
2.11).  However, scarcity of materials (graphene) and pulverization of electrodes (metal, 
 
Figure 2.10. Electrochemical behavior of bulk and nanostructured -Fe2O3 with 
voltage-composition curves. Improved capacity retention with nanomaterials is
significant. Figures adapted from reference 79. 
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metal oxide) due to the intrinsic volume expansion of metal-lithium alloys (Figure 2.12)96 
remain problematic and prohibit them from being commercially viable.   
 
 
Figure 2.11. SEM image of silicon nanotube anode material (left) and its
charge/discharge performance at each cycle as numbered (right). This material showed
the highest capacity (3,247 mAh/g) over the largest number of cycles (200 cycles) at the
moment. Figures adapted from reference 50. 
58 
 
 
 
Figure 2.12. Schematic illustrations of charge/discharge mechanism of metallic anode
materials (left) and a pulverized silicon electrode after cycling at the right. Figures
adapted from reference 96.  
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2.4 Quantum Dot Sensitized Solar Cells (QDSCs) 
Unlike other applications mentioned above, quantum dot sensitized solar cells 
(QDSCs) are not energy storing devices, but rather energy conversion (solar to electrical 
energy) devices. The term ‘thin film’ is generally used to include two concepts, dye 
sensitized solar cells (DSSCs) and QDSCs,101 but this chapter will only deal with the 
concept of QDSCs. Both types of solar cells have very similar cell structures (conductive 
substrates, semiconducting layers, and sensitizing materials) and operational set-ups 
(light sources, performance measurements) as shown in Figure 2.13, but only differ in 
sensitizing molecules (dyes or quantum dots) as each name indicates.101–104 
The need for QDSCs has arisen for many reasons. First of all, development of 
cost-effective photovoltaic devices has been needed because the cost of crystalline 
silicon-based first generation solar cells still remains high.102 Solar cells of this 
generation require a large manufacturing facility for the production of high-purity silicon 
crystals, despite the fact that conversion efficiencies stay at unsatisfactorily low levels. 
Also, impurities and defects in a silicon material will have deleterious effects on the 
performance of the devices; therefore the minimum cost of production always stays high. 
In this sense, QDSCs are superior to the silicon devices since the manufacturing cost of 
QDSCs arises from low cost semiconducting powders (TiO2, ZnO, SnO2) and some 
inexpensive chemicals, including sensitizing materials (dye or quantum dots) and 
electrolyte solutions.102 Some of the typical materials are shown in Figure 2.14.104 
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Secondly, although 85% of already installed devices are first generation devices, 
applications of those to new areas are greatly limited due to space requirements of large 
area solar panels.102 Thin film solar cells, including QDSCs, have an advantage in this 
 
Figure 2.13. Schematic of operation of the dye-sensitized solar cells (DSSCs, left) and 
SEM image of typical anatase TiO2 nanoparticles for the wide-bandgap semiconducting 
layer (right). Figures adapted from reference 104. 
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area since they can be deployed on any curved surface as long as light absorbers and 
semiconducting layers are in contact with conductive substrates. 
Thirdly and finally, this new type of solar cell has much room for improvement in 
both material and structural aspects.102 Since there are not many materials proven 
effective yet, a huge number of studies about new materials and structures have 
 
Figure 2.14. Band positions of several semiconductors in contact with aqueous
electrolyte at pH 1. The energy scale is indicated against either the normal hydrogen
electrode or the vacuum level as a reference. On the right side the standard potentials of
several redox couples are presented against the standard hydrogen electrode potential.
Figure adapted from reference 104. 
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continuously been reported. In this chapter studies regarding sensitizing and 
semiconducting materials for QDSCs will be reviewed and effects obtained from 
nanostructured materials will be introduced. 
 
2.4.1 Quantum Dots (QDs) 
Quantum dots have been synthesized from semiconductor materials such as CdS, 
CdSe, CdTe, PbS, InP, and InAs and applied onto wide-bandgap semiconducting layers 
as sensitizing materials.101–103 One of the biggest benefits of using QDs is that these 
materials can absorb photons over a broad spectral range, depending on the size of QDs 
synthesized.103 Many examples of this quantum confinement effect can be found. The 
carrier injection process of QDs and the absorption characteristics of CdSe as a function 
of particle diameter are shown in Figure 2.15103 as an example. 
General in-situ synthetic route for QDs are chemical bath deposition (CBD)105–109 
and successive ionic-layer adsorption reaction (SILAR).110–113 Here, in-situ means a 
direct QD adsorption onto a semiconducting layer during QD synthesis. For example, 
SILAR synthesis of CdS is carried out by dipping a semiconducting layer-attached 
substrate into an aqueous CdSO4 solution and a Na2S solution in turns, such that 
synthesized CdS gets attached right onto semiconducting materials. In this case, the 
number of dipping cycles and the reaction temperature determines the size of synthesized 
QDs.110 
As an ex-situ synthesis route, capping agents are used to control the shape and 
size of QDs, and consequently their absorption spectrum.102 The synthesis is usually 
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carried out in a three-neck round-bottom flask, where metal precursors are heated up to 
350 °C and mixed with organometallic precursors. Trioctylphosphine and 
Figure 2.15. A schemacic drawing of a charge injection process of excited CdSe
quantum dot (QD) into a TiO2 nanoparticle (top) and (A) absorption spectra of (a) 3.7,
(b) 3.0, (c) 2.6, and (d) 2.3 nm diameter CdSe QDs anchored on nanoparticle TiO2/CdSe
(solid lines) and TiO2 (nanotube)/CdSe (dashed lines). SEM images of TiO2 particles
(B) and TiO2 nanotube (C) films along with CdSe deposited on each film are also shown.
Figures adapted from reference 100.  
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trioctylphosphine oxide are the two most commonly used capping agents. Reagent 
concentration, addition speed of the capping agents, and temperature control the size of 
the final QD product. Synthesized QDs, as in the previously describe route, are then 
attached onto a wide-bandgap semiconducting layer by applying bifunctional linker 
molecules such as (COOH)-R-SH, where R represents organic linking groups.102,114 
 
2.4.2 Wide-Bandgap Semiconducting Layers 
The characteristics of wide-bandgap semiconducting layers are as important as 
synthesizing QDs in the determination of QDSC performance.101,102 Once electron-hole 
pairs are generated in a sensitizer molecule by light irradiation, the electrons should be 
extracted as quickly as possible from a sensitizer to a semiconducting layer to avoid a 
recombination with the holes; the holes, on the other hand, are supposed to get 
intercepted by redox couples (I-/I3- or S2-/Sn2-) within an electrolyte solution.  
The materials parameters that dictate the efficiency of this process are carrier 
lifetime, carrier injection efficiency, and carrier mobility. By far, anatase TiO2 
nanoparticles and shape-tailored anatase TiO2108,110,112,115–117 have been the most popular 
and best performing semiconducting material in thin film photovoltaic applications,102 
but studies of new semiconducting materials have recently received an increased 
attention. ZnO,105,106,109,111,113,118–122 SnO2,102,123,124 or some hybrid materials125,126 have 
been found to show the most promise. For example, it was reported that ZnO allows 
faster carrier mobility, about a million times faster than anatase TiO2, and has a longer 
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carrier lifetime than that of TiO2 anatase materials, although a high carrier injection 
barrier is discouraging.127–129  
In order to achieve better performing photovoltaic devices, structural factors of 
semiconducting layers must also be considered very carefully because they sometimes 
allows materials to overcome their intrinsic problems. Major concerns regarding 
semiconducting layer structures are as follows. First, structures which induce more 
scattering of incident light are beneficial.101 As an example, Cao and coworkers 
introduced ZnO aggregates to induce more scattering within a semiconducting layer. 
They applied an aqueous zinc acetate precursor to a hydrothermal reactor to achieve 
better conversion efficiency with a ruthenium dye sensitizing device.130–134 The device 
showed almost doubled photocurrent generation as a result.133 Secondly, wider surface 
area is favorable for attaching more sensitizing materials for more carrier generation. 
Kim reported the effect of nanoporous TiO2 structures on DSSC performance. In the 
report, the authors attributed the improved performance of their device to an enhanced 
surface area, which enabled more dye adsorption compared with a P25 TiO2 applied 
device.135 Thirdly, better contacts between substrate-semiconducting layers and 
semiconducting layer-sensitizing material should be maintained to minimize transport 
losses of the photogenerated carriers. TiO2 or ZnO nanorods would fit into this category 
nicely. By forming nanorods or hollow nanopillars on an indium tin oxide substrate, 
direct carrier paths can be achieved. Dye molecules or QDs are attached on a surface of 
those structures, so that photogenerated electrons can flow through a circuit with less 
resistance compared with porous structures. Finally, structures must be chemically inert 
against an electrolyte solution and the redox couple of the system. In this sense, TiO2 is 
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superior to any other current alternatives. Although ZnO has a million times faster 
electron mobility than anatase TiO2, ZnO has low chemical resistance to an iodine 
electrolyte (I-/I3-) solution and carboxylic acid functional groups (COOH-) that are 
abundant on many commercially available ruthenium dye molecules.136,137 Yan and 
coworkers pointed out that nanostructured ZnO lost its structure over 24 hours of 
exposure to a N719 dye (cis-di(thiocyanato)bis(2,2-bipyridyl-4,49-dicarboxylate) 
ruthenium(II)) and eventually lost 50% of its photocurrent generation.136 
It should be mentioned that there is no structure at this point is clearly superior to 
any other. Some research indicates that porous structures work better, but the porous 
nature inhibits carrier transport since porosity accommodates higher transport resistance 
into the devices. Therefore, a compromise must be struck to optimize photocurrent 
generation, fill factor, and power conversion efficiency in the end.  
 
2.5 Summary 
All in all, as cleaner and handier energy storage or conversion devices are 
required, new materials must be found to satisfy the demand. Li-ion batteries and 
supercapacitors are showing decent performances at the moment, but there are strong 
needs for better materials as non-traditional markets for those devices emerge. In the case 
of QDSCs, opportunities are everywhere since the application is still nascent. 
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CHAPTER 3  
CARBON MICROSPHERES AS SUPERCAPACITORS 
 
3.1 Introduction 
The increasing energy demands for portable applications (e.g., electronics, power 
tools, electric vehicles, etc.) have driven the development of alternate energy sources, 
including lithium-ion secondary batteries, fuel cells, and electrical double layer capacitors 
(EDLCs).1,2 EDLCs are capable of operating at higher charge/discharge rates, which 
makes them well-suited for applications that require higher power density.  Current 
commercial EDLCs contain activated carbon materials with specific surface areas (SSAs) 
of 1,000 – 1,500 m2/g and gravimetric capacities of 250 F/g.1–6 Because the capacitance 
limit has been reached with the usual activated carbons, recent research activity has 
shifted to alternate carbon materials, including carbide thin films,7 nanotubes,8,9 
graphene,10–12 polyaniline,13,14 or polyaniline/graphene composites.15,16 Due to the limited 
availability and expense of these materials, however, development of new cost effective 
and environmentally friendly carbon materials is still needed. 
Suslick group has previously introduced ultrasonic spray pyrolysis (USP) for the 
synthesis of microstructured carbon materials and applied them to real applications.17–22 
For example, USP of a lithium dichloroacetate solution21 or a sucrose solution with 
sodium carbonate20 created microporous carbon microspheres with SSAs of as high as 
710 m2/g and 698 m2/g, respectively. These SSAs were achieved using environmentally 
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friendly, water-soluble, in-situ templates formed during the pyrolysis stage, such as 
lithium chloride from lithium dichloroacetate or CO2 and Na2O from sodium carbonate.  
In this chapter, it is reported that the application of USP carbon microspheres as 
EDLC electrode materials and the detailed analyses of these materials, which elucidate 
the importance of high surface functionality to the creation of these materials’ high 
capacitance. 
 
3.2 Experimental 
3.2.1 Synthesis of Carbon Microspheres 
The USP experimental setup (Figure 1.17) has been described in detail in Chapter 
1.5. Briefly, microdroplets are formed by nebulizing a precursor solution by an ultrasonic 
nebulizer (1.7 MHz frequency and 5.8 W/cm2 of output power). The droplets are 
suspended in a gas flow and heated by passing through a quartz tube contained in an 
800 °C furnace (a total heated region ~30 cm in length), where thermally-induced 
chemical reactions in the droplets or with gaseous reactants convert the precursors to the 
product powders. The USP carbon syntheses were performed using an inert carrier gas 
(1.0 standard liter per minute of Ar) to prevent the oxidation loss of the carbon product 
(CO2 formation). 
Lithium hydroxide (LiOH, 99.5% purity), dichloroacetic acid (Cl2CHCOOH, 
99%), sodium carbonate (Na2CO3, 99.5%), propiolic acid (HC≡C-CO2H, 95%), 
potassium hydroxide (KOH, 99.5%), and Nafion (perfluorinated ion-exchange resin, 5 
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wt% solution in a mixture of aliphatic alcohols) were obtained from Sigma-Aldrich, 
sucrose (C12H22O11, 99%) was obtained from EMD Chemicals, and sulfuric acid (H2SO4, 
95 – 98%) was obtained from Mallinkrodt-Baker. USP carbon 1 (USP-C1) was prepared 
from a lithium dichloroacetate solution, which was prepared by mixing 1.0 M lithium 
hydroxide solution and 1.0 M dichloroacetic acid solution in 1:1 ratio (v/v). USP carbon 
2 (USP-C2) was prepared from a 1:1 ratio (v/v) of 1.0 M sodium carbonate solution and 
0.5 M sucrose solution. USP carbon 3 (USP-C3) was prepared from a mixed solution of 
potassium propiolate and lithium propiolate in a 1:3 molar ratio in deionized (DI) water; 
the propiolate solutions were separately prepared by from a 1:1 ratio (v/v) of 1 M 
propiolic acid and 1M potassium hydroxide and of propiolic acid and lithium hydroxide, 
respectively. 
As-synthesized particles were collected in DI water-filled bubblers and isolated 
via centrifugation.  The particles were washed three times with DI water to dissolve the 
salts formed during the USP processes, and the resulting porous carbon materials were 
isolated by centrifugation (≥8000 rpm) and dried in an oven at 90 °C overnight. 
 
3.2.2 Characterization of the Materials 
Scanning electron micrographs (SEM) were taken using a JEOL 7000F field 
emission (FE)-SEM operating at 15 kV.  Transmission electron microscopy (TEM) was 
conducted using a JEOL 2010F FE-TEM and a JEOL 2010 LaB6 TEM operating at 200 
kV to compare carbon inner structures. Surface functionality was analyzed using a PHI 
5400 X-ray photoelectron spectroscope (XPS, Physical Electronics, Mg K source) and a 
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Nicolet Nexus 670 Fourier transform infrared spectroscope (FTIR, Thermo).  SSAs and 
pore size distribution were measured by nitrogen adsorption using a Nova 2200e Surface 
Area and Pore Analyzer (Quantachrome Instruments) at liquid nitrogen temperature (-
196 °C) after degassing the samples under vacuum (<0.1 mmHg) at 130 ºC overnight. 
 
3.2.3 Electrochemical Characterization of the Materials 
Each carbon material was suspended in a Nafion solution (100 L of as-received 
Nafion mixed with 500 L of DI water and 500 L of isopropyl alcohol) and sonicated 
for at least 1 hour to ensure particles were well-dispersed and wetted with the solution. A 
carbon film was prepared on a glassy carbon electrode (MF-2012, Bio Analytical 
Systems, 3.0 mm diameter) by drop-casting the carbon suspension and drying the 
electrode in a 150 °C oven for three minutes. The electrode was then immersed in a 1.0 
M H2SO4 solution and electrochemically tested by cyclic voltammetry (CV) in a voltage 
range of 0 – 0.9 V using a CV-50W Voltammetric Analyzer (Bio Analytical Systems 
Inc.) with a platinum wire counter electrode and a silver/silver chloride (Ag/AgCl) 
reference electrode. The measurements for each USP-C were made at five different scan 
rates (5, 20, 50, 100, and 200 mV/s) to observe the rate dependence of the capacitance. 
 
3.3 Results and Discussion 
SEM and TEM analysis show unique morphologies for each USP-C (Figures 3.1 
and 3.2, and Figure 3.3).  USP-C1 (Figures 3.1A and 3.2A) possesses an evenly 
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Figure 3.1. SEM images illustrating the typical morphologies of carbons prepared by
ultrasonic spray pyrolysis: (a) USP-C1 from lithium dichloroacetate, (b) USP-C2 from a 
1:2 mixture of sucrose and sodium carbonate, and (c) USP-C3 from a 1:3 mixture of 
potassium propiolate and lithium propiolate. 
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Figure 3.2. TEM images illustrating the typical morphologies of carbons prepared by
ultrasonic spray pyrolysis: (a) USP-C1 from lithium dichloroacetate, with a rough 
surface; (b) USP-C2 from a 1:2 mixture of sucrose and sodium carbonate, with a
smoother microporous surface and porous interior; and (c) USP-C3 from a 1:3 mixture of 
potassium propiolate and lithium propiolate, with a smooth microporous shell-in-shell 
hollow structure. 
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distributed porous carbon network throughout the entire particle, and mesopores are 
visible on the surface of the particle. While the USP process facilitates spherical particle 
formation, lithium dichloroacetate melts and decomposes to form LiCl, which acts as an 
internal sacrificial template as the carbon network growth occurs;21 product collection 
and workup in water removes the salt template and reveals the porous carbon structure. In 
contrast, USP-C2 has an internal macroporous carbon network and a microporous outer 
shell (Figures 3.1B and 3.2B). This hierarchical porosity is attributed to the gases that are 
evolved from the decomposition of sucrose and sodium carbonate during the USP-C2 
synthesis.20 In the case of USP-C3, a nested sphere-in-sphere morphology is observed 
(Figures 3.1C and 3.2C). The solubility difference between lithium propiolate and 
potassium propiolate is thought to be responsible for the development of the distinct 
shell-in-shell morphology.  In all three carbon microspheres, the carbon is amorphous and 
non-graphitic, as shown by high resolution TEM and by XRD (Figures 3.4 and 3.5). 
The SSAs of USP-C1, USP-C2, and USPC-3 obtained by the three-point BET 
method were found to be 710, 698, and 565 m2/g, respectively. Pore size distributions 
 
Figure 3.3. SEM images of the USP carbons after their conversion into the electrodes for
electrochemical testing: (a) USP-C1, (b) USP-C2, (c) USP-C3. USP-C1 and 2 maintain 
their structures, whereas some broken shells are found with USP-C3. 
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were calculated with the Horvath—Kawazoe model; all USP-Cs have very narrow pore 
distributions, with the majority of the pores being <1 nm in diameter (Figure 3.6). It is 
worth noting that pores smaller than 1 nm increase carbon capacitance significantly.23 
 
10 20 30 40 50 60 70 80 90
In
te
ns
ity
 (A
rb
itr
ar
y 
U
ni
t)
Two Theta (Degree)
USP-C1
USP-C2
USP-C3
 
Figure 3.4. High magnification TEM images of the USP amorphous carbons showing no
distinct features (e.g., no graphitic structure observed): (a) USP-C1, (b) USP-C2, and (c) 
USP-C3. 
 
Figure 3.5. Powder X-ray diffraction which shows no graphitic peaks from any of the
USP carbons. Siemens-Bruker D5000 system using Cu K radiation (=1.5418 Å). 
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Figure 3.6. Pore size distribution of USP-Cs calculated with the Horvath-Kawazoe
model: (a) USP-C1, (b) USP-C2, and (c) USP-C3. All the materials show pore diameters
around 7 to 8 Å. 
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Figure 3.7. XPS spectra of USP carbon materials. (a) Broad scan (1,100 – 0 eV) spectra
normalized to the carbon peaks of the three materials to show the relative intensities of
oxygen 1s peaks, (b) O 1s (545 – 520 eV) spectra, and (c) C 1s (290 – 280 eV) spectra
normalized to the highest peaks of each element to show the relative intensities from each
functional group type. 
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The surface composition of each USP-C was evaluated by XPS (Figure 3.7).  The 
USP-C surfaces were shown to contain only carbon and oxygen, and the atomic percent 
composition of each surface was calculated from the XPS data (Table 3.1).  The oxygen 
peaks of all USP-Cs are not equivalent (Figure 3.8 and Table 3.2).  There are four types 
of functional groups which contribute differently to the capacitance: C=O groups at 532 
eV, C-OH groups from carboxylic acids at 530.8 eV, C-OH groups attached to aromatic 
carbons or doubly bonded carbons (Ph-OH or –C=C-OH) at 534.9 eV, and ether groups 
(R-O-R’) at 537 eV.  On the USP-C1 surface, C=O carbonyl groups are the dominant 
oxygen functionality (80%).  The surface of USP-C2 contains C=O (44%) and C-OH 
(42%) groups from carboxylic acids, Ph-OH or –C=C-OH groups (10%), and ether 
functionalities (4%). USP-C3 exhibits the same oxygen functionalities as USP-C2: C=O     
 USP-C1 USP-C2 UCP-C3 
Precursors 
lithium 
dichloroacetate 
1:2 mixture of 
sucrose and 
sodium 
carbonate 
1:3 mixture of 
potassium and 
lithium 
propiolate 
Specific surface area (m2/g) 710 698 565 
Average pore diameter (Å) 7.1 8.2 7.6 
Average gravimetric 
capacitance (F/g) 
158±8 360±11 341±13 
Carbon surface concentration 
(atomic percent, XPS) 
95 88 88 
Oxygen surface concentration 
(atomic percent, XPS) 
5 12 12 
 
Table 3.1. Properties of USP carbon materials. 
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(39%) and C-OH (40%) groups from carboxylic acids, Ph-OH or –C=C-OH groups 
(12%), and ether functionalities (9%). The presence of each functional group was 
confirmed by FTIR (Figure 3.9). 
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Figure 3.8. XPS O 1s spectra of (a) USP-C1, (b) USP-C2, and (c) USP-C3 showing
deconvolution and fitting with CasaXPS software (version 2.3.12); baseline corrected. 
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 USP-C1 USP-C2 UCP-C3 
-(C=O)-OH 15 42 39 
>C=O 80 44 40 
Ph-OH 0 10 12 
R-O-R’ 5 4 9 
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Table 3.2. Composition of oxygen functional groups on USP carbon materials (percent
concentration). 
 
Figure 3.9. FTIR spectrum of USPCs. The absorptions at 2920 cm-1 and 2850 cm-1
correspond to aliphatic CH2 and CH3 stretches, respectively. There are C=O stretches 
present at 1720 – 1690 cm-1, which are from ketone and aldehyde bonds. The absorption
at 1630 – 1470 cm-1 from a carboxylic acid functional group, and there is also a broad
absorption peak appear at 1300 cm-1 from the C-O stretch of carboxylic acid group. 
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The capacitance of the carbon materials (Table 3.1) was calculated from the CV 
data (Figure 3.10).  The capacitance calculation was conducted as described in detail 
elsewhere.24 In brief, gravimetric capacitances (F/g) were calculated by integrating the 
CV area, divided by the scan rate (mV/s), scan range (0.9 V), and mass of carbon (g) 
applied. The measurements were repeated for three different batches of each material to 
show reproducibility. The capacitances (at a scan rate of 5 mV/s) of the USP carbon 
microspheres were found to be 185±8 F/g for USP-C1, 360±11 F/g for USP-C2, and 
341±13 F/g for USP-C3, while the capacitance of commercial DARCO activated carbon 
(DARCO AC, Sigma-Aldrich, SSA of 886 m2/g) was found to be 214 F/g (Figure 3.11).   
Capacitances of USP-Cs do not correlate with the SSAs.  For example, USP-C3 
has a larger capacitance than USP-C1 (341 and 185 F/g, respectively) but a lower SSA 
(565 and 710 m2/g, respectively).  This finding is significantly different from prior 
reports,1,25,26 which suggested a linear increase in capacitance with an increase in SSA in 
carbon materials; the prior studies, however, did not examine materials with significant 
differences in surface properties or surface functionalities.  
The reduced importance of surface area on capacitance and the generally high 
capacitances of USP-Cs can be rationalized through consideration of their surface 
functionalities. USP-Cs possess a higher surface concentration of oxygen functional 
groups compared to other commercially available carbons (Vulcan XC-72R and DARCO 
AC), which typically have only ~2 atomic percent surface oxygen. The influence of 
oxygen functional groups on the capacitance of carbon materials is well-known from 
earlier literature.1,4,27–33 Conway, for example, pointed out that oxygen-related functional 
groups formed by surface oxidation enhanced capacitance by increased wettability of 
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Figure 3.10. Cyclic voltammograms of USP carbons: (a) USP-C1, (b) USP-C2, and (c)
USP-C3 in 1.0 M H2SO4 electrolyte solution with and Ag/AgCl reference electrode. Each
material was tested at five different scan rates as indicated. 
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accessible pores by electrolytes, especially in aqueous solutions, thus helping ions to 
reach the micropores within carbon materials. In addition to the enhanced wettability, the 
effect of Faradaic reactions (i.e., electrochemical redox reactions) of the oxygen 
functional groups have also been reported, which add to the total capacitance as a form of 
pseudo-capacitance.4,28,30 
The high concentrations of Ph-OH (or –C=C-OH) and R-O-R’ groups in USP-C2 
and USP-C3 are responsible for their higher capacitances than USP-C1. This is in 
agreement with earlier studies on the effects of selective surface modifications of porous 
carbon materials.27,29,32,34 Carbonyl, Ph-OH (or –C=C-OH), or R-O-R’ groups increase 
the capacitance of carbon materials.27 A quantitative relationship between capacitance 
and the concentrations of each possible surface functionalities, however, has not yet been 
established.  Here, our composition analysis of oxygen peaks suggests that the advantages 
 
Figure 3.11. Direct comparison to commercial carbon was conducted with DARCO
activated carbon (Sigma-Aldrich, specific surface area 886 m2/g from the multi-point 
BET) using our laboratory setup: (a) cyclic voltammogram and (b) XPS spectrum of the
material. Oxygen concentration is found to be less than 2 atomic percent from the XPS
analysis with the gravimetric capacitance of 214 F/g at a scan rate of 5 mV/s. 
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of having Ph-OH (or –C=C-OH) and R-O-R’ groups (14% for USP-C2 and 21% for 
USP-C3) are substantial. 
 
3.4 Conclusions 
It is demonstrated in this chapter that USP-C materials are promising alternatives 
to commercial active carbon materials for supercapacitor applications. USP-Cs were 
synthesized from water-soluble precursors, which are often less expensive and generally 
more environmentally friendly than organic precursors. Compared to other synthetic 
routes, the USP method is superior in introducing various surface functional groups 
without further oxidation, as usually required for conventional carbon materials. Surface 
analyses reveal that the observed high capacitance of our USP product is attributed to the 
combination of sufficiently high surface areas with high concentrations of oxygenated 
functional groups on the carbon surface. The versatility of USP synthesis can create other 
carbon materials with various surface functionalities, which could further enhance 
applications requiring supercapicitors. 
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CHAPTER 4 
ZINC OXIDE MICROSPHERES FOR QUANTUM DOT SOLAR CELLS 
 
4.1 Introduction 
Due to unique physicochemical characteristics of ZnO, it has been one of the most 
popular inorganic additives in a variety of applications including rubber, food, and 
pharmaceuticals.1 While about 50% of industrially synthesized ZnO is applied to the 
vulcanization of rubber,1 the semiconducting properties of ZnO in optoelectronic 
industries have attracted much attention recently as potential applications of ZnO. 
The importance of semiconducting materials for thin film solar cells, including 
dye-sensitized solar cells (DSSCs) and quantum dot-sensitized solar cells (QDSCs) has 
been an issue of interest,2–4 since there is limited variety of light absorbers (e.g., dyes and 
QDs). While nanostructured TiO2 has been a widely studied and used material for the 
applications,5–21 ZnO,22–43 SnO2,44,45 and some hybrid materials46–48 have been an object 
of study recently. In specific, studies about ZnO materials have propagated rapidly 
because of their high electron mobility and a bandgap (3.3 eV in a bulk state) similar to 
that of TiO2 (3.2 eV, bulk).46 Cao and coworkers has been a main contributor to the ZnO 
studies by introducing dye-adsorbed ZnO aggregates, which greatly outperformed 
commercial ZnO nanoparticles without compromising the surface area, while they 
attributed the enhanced performance to the rough surface, which increases a light 
scattering within the ZnO layer.32–35 
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However, other researchers have found that ZnO has intrinsic disadvantages, such 
as chemical instability in acidic dye solutions,49,50 high carrier (electron-hole) 
recombination rate, and high carrier injection barrier.51 For example, recent researches 
with a ZnO-dye combined system seem to set a rule of thumbs, which limit the reaction 
time between ZnO and dye solutions to prevent dye-Zn2+ agglomeration,50 while other 
studies performed TiO2 coating on ZnO surface or adding impurities to suppress chemical 
instability of ZnO.46  
Suslick group has previously introduced ultrasonic spray pyrolysis (USP) for the 
synthesis of metal oxide and metal chalcogenide microspheres for many applications.52–58 
USP provides a facile pathway of producing metal sulfides and oxides with variety of 
structures with minor modifications of reaction conditions. For example, USP-
synthesized hollow ZnS:Ni2+ spheres56 and BiVO4 spheres54 showed excellent 
performance in photocatalytic water splitting applications, while a superior performance 
in a hydrodesulfurization application was achieved by an USP-MoS2 catalyst.57  
In this chapter, it will be discussed that the facile synthesis and application of 
USP-created porous ZnO microspheres as a semiconducting material in QDSC as a test 
bed. Detailed analyses of the devices will be also reported to elucidate the importance of 
porous architectures in improving photovoltaic performance. For this research, CdS/CdSe 
QDs are chosen as a light absorber (Figure 4.1) because CdS/CdSe QD sensitization is 
expected to bring three advantages as follows. First, no use of corrosive I-/I3- electrolyte 
and acidic dyes, which are most widely used for DSSCs, ensures chemical stability of 
ZnO over a prolonged photoconversion cycles. Second, it has been reported that CdSe 
conduction band elevation occurs when it is aligned with CdS Fermi level, eventually 
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enhances photoactivity in CdSe/CdS co-sensitized systems.20,21,24 Finally, compared with 
CdS single sensitization, CdSe can reduce adverse effects from cadmium hydroxide 
(Cd(OH)2), that presents on a surface of CdS QDs due to hydrolysis of CdS in an aqueous 
solution.5  
 
4.2 Experimental 
4.2.1 Synthesis of Porous ZnO Microspheres by USP 
The USP experimental setup (Figure 1.17) has been described in detail in Chapter 
1. Briefly, microdroplets are formed by nebulizing a precursor solution by an ultrasonic 
 
Figure 4.1. Energy diagram of the system applied for the experiment. 
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nebulizer (1.7 MHz frequency and 5.8 W/cm2 of output power). The droplets are 
suspended in a gas flow and heated by passing through a quartz tube contained in an 
800 °C furnace (a total heated region ~30 cm in length), where thermally-induced 
sintering reactions in the droplets convert the precursors to the product microspheres. The 
syntheses were performed using an inert carrier gas (1.0 standard liter per minute of Ar) 
to prevent a possible zinc silicate (Zn2SiO4) formation. 
Zinc oxide (ZnO, NanoTek ZH1121W, 40% in H2O, colloidal dispersion) was 
obtained from Alfa Aesar, silica (SiO2, LUDOX HS-30 colloidal silica, 30 wt% 
suspension in water), cadmium sulfate 8/3-hydrate (CdSO4·8/3H2O, 99.0% purity), 
sodium sulfide nonahydrate (Na2S·9H2O, ≥98.0%), selenium powder (Se, 99.5%), and 
sodium hydroxide (NaOH, 99.5%) were obtained from Sigma-Aldrich, and sodium 
sulfite (Na2SO3, 98.0%) was obtained from EM Chemical, and optically transparent 
electrode plates (fluorine-doped tin oxide (FTO) glasses, resistivity 12 – 14 Ω/□) were 
obtained from Pilkington Glass.  
Three types of ZnO microspheres with different porosities are prepared by 
altering the contents of silica templates in precursor mixtures. USP ZnO microsphere 1 
(USP-Z1) was prepared by a USP of diluted ZnO dispersion solution without mixing a 
silica dispersion to compare the role of the template in microspheres. USP ZnO 
microsphere 2 (USP-Z2), on the other hand, was prepared from a mixed solution of ZnO 
colloidal dispersion and silica colloidal dispersion in a 4:1 molar ratio in deionized (DI) 
water, while USP ZnO microsphere 3 (USP-Z3) was obtained from a mixed solution in a 
2:1 molar ratio in DI water.  
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As-synthesized particles were collected in DI water-filled bubblers and isolated 
via centrifugation at a moderate speed (<3000 rpm) for 20 minutes. The particles were 
then immersed in a 2.0 M NaOH solution for 24 hours to leach out the silica templates, 
and the resulting porous ZnO microspheres were isolated by another centrifugation 
(<3000 rpm for 20 minutes) and washed with DI water for three more times to eliminate 
residual NaOH. Isolated particles were kept in DI water for a drop-casting process for the 
electrode fabrication. 
 
4.2.2 Characterization of the Materials 
Scanning electron micrographs (SEM) were taken using a JEOL 7000F field 
emission (FE)-SEM operating at 15 kV with an energy dispersive spectroscope (EDS, 
NORAN System six Microanalysis System, Thermo Scientific) detector attached. 
Transmission electron microscopy (TEM) was conducted using a JEOL 2010F FE-TEM 
and a JEOL 2010 LaB6 TEM operating at 200 kV to compare porous structures and 
adsorption of QDs on ZnO spheres. Specific surface area and pore size distribution of 
ZnO spheres were measured by nitrogen adsorption using a Nova 2200e Surface Area 
and Pore Analyzer (Quantachrome Instruments) at liquid nitrogen temperature (-196 °C). 
Absorbance in ultraviolet and visible spectrum range was measured using a Lambda 35 
UV/Vis system (Perkin Elmer) in a diffuse reflectance assembly applied. A 
Siemens/Bruker D-5000 system was used to obtain powder X-ray diffraction (XRD) 
patterns of the ZnO powders. 
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4.2.3 Fabrication of the Electrochemical Cells 
7 mg of each microsphere and commercial ZnO nanoparticle (Control NP, as a 
control sample) were suspended in 0.5 mL of DI water and sonicated for 5 minutes. A 
ZnO layer was prepared on a FTO glass by drop-casting the ZnO suspension (0.5 mL) 
and drying them in air for overnight. The electrodes were heated at 400 °C for 3 hours in 
air to ensure a stable network between the ZnO and FTO surfaces.  
After the successful ZnO casting on FTO glasses, CdS and CdSe QDs are 
decorated on ZnO surfaces. First, the ZnO-covered electrodes were immersed in a 0.1 M 
aqueous CdSO4 solution for five minutes, followed by a dipping in a 0.1 M aqueous Na2S 
solution for five minutes to attach a single layer CdS QDs on the surfaces of ZnO; the 
electrodes were washed thoroughly in between dipping processes. These dipping cycles 
were repeated 10 times for each electrode respectively to have adequate load of CdS; 
devices with more than 10 dipping cycles showed inferior performances. It was reported 
by literature that an excessive dipping process (more than 15 cycles) could cause an 
adverse effect to an electrochemical cell performance (e.g., agglomeration or non-
uniform QD adsorption). And then, CdSe was loaded onto the CdS-covered electrode by 
dipping the electrodes in a sodium selenosulphate (Na2SeSO3) solution (pH = 11, 
adjusted by 1.0 M aqueous NaOH solution) for 20 minutes at 45 °C, such that Cd(OH)2 
gets converted to CdSe as indicated in a chemical equation below. At this point, cadmium 
hydroxide (Cd(OH)2) can act as a cadmium source, because ZnO layers are covered 
predominantly with CdS, while some portion of Cd(OH)2 exists due to hydrolysis of CdS 
or incomplete Cd+ conversion while CdS formation. 
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Na2SeSO3 + OH- ∏ Na2SO4 + HSe- 
Cd(OH)2 + HSe- ↓ CdSe + OH- + H2O 
This Na2SeSO3 solution was prepared beforehand by refluxing selenium (Se) 
metal in sodium sulphate (Na2SO3) solution at >90 °C for 10 hours. 
 
4.2.4 Electrochemical Characterization of the Cells 
Electrochemical behaviors of the electrodes were investigated using a two-armed 
quartz cell with a platinum (Pt) counter electrode in a N2-purged, aqueous Na2S solution 
(0.1 M), which also serves as a redox couple as shown in Figure 4.1 and 4.2. 
Photocurrent responses and current density versus voltage (J-V) characteristics were 
measured using a Keithley 617 programmable electrometer (not shown in a picture) along 
with collimated, filtered light (>420 nm, 100 mW/cm2) from an Oriel 450 W xenon arc 
lamp through an air-mass 1.5 (AM 1.5G) filter, while incident-photon-to-current-
conversion efficiency (IPCE) were calculated from the results obtained at a spectral range 
of 300 – 600 nm. 
 
4.3 Results and Discussion 
USP-synthesized ZnO microspheres before and after a template etching are 
presented in Figure 4.3 and 4.4, respectively. It is clear from Figures 4.3 that as-
synthesized microspheres have a smooth outer surface with particle diameters around ~ 1 
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m, regardless of the template concentration. After immersing the spheres in 2.0 M 
NaOH solution for 24 hours, however, the spheres tend to have different morphology 
depending on the amount of silica templates as shown in Figure 4.4. In case of USP-Z1  
 
Figure 4.2. Electrochemical measurement system: (a) whole experimental setup
including a light source (xenon arc lamp) on the left, air mass 1.5 (AM 1.5) filter at the
middle, and a testing cell on the right; (b) a blow-up picture of a testing cell. 
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Figure 4.3. SEM images of as-synthesized ZnO microspheres: (a) USP-Z1 from USP of 
a diluted ZnO dispersion, (b) USP-Z2 from a 4:1 mixture of ZnO and SiO2 dispersions, 
and (c) USP-Z3 from a 2:1 mixture of ZnO and SiO2 dispersions, respectively. 
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Figure 4.4. SEM images of ZnO microspheres after SiO2 etching in 2.0 M NaOH 
solution for 24 hours: (a) USP-Z1 from USP of a diluted ZnO dispersion, (b) USP-Z2 
from a 4:1 mixture, and (c) USP-Z3 from a 2:1 mixture of ZnO and SiO2 dispersions, 
respectively. 
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(no template added, Figure 4.3A and 4.4A), there is no change in surface morphology, 
while mesopores are visible on the surface of the microspheres USP-Z2 (Figure 4.4B) 
and USP-Z3 (Figure 4.4C).  
The specific surface areas of the spheres (USP-Z1, Z2, and Z3) obtained by the 
three-point BET method were found to be 17, 47, and 65 m2/g, respectively. Considering 
the surface area of the ZnO starting material (~31 m2/g), it is not surprising that USP-Z1 
lost its surface area due to the ZnO nanoparticle agglomeration. However, unexpected 
surface area increase was observed with USP-Z2 and USP-Z3; this is possibly due to a 
ZnO particle breakage during the synthesis, as SEM images show rougher ZnO surfaces 
with USP-Z2 and Z3 than that of the starting ZnO material (Figure 4.5). The pore size 
distribution was calculated with the Horvath – Kawazoe model with full isotherms 
(Figure 4.6); all USP-Zs with template incorporated have narrow pore distributions, with 
the majority of the pores being 28 – 32 nm in diameter, which corresponds to the size of 
silica template applied (~30 nm in diameter); in case of USP-Z1, extremely small pore 
diameter (~4 nm) is found. Syntheses of microspheres with higher silica ratio were also 
tried to further enhance porosity of the spheres; however, it was found that a porous 
structure collapses at ZnO/silica ratio greater than 2:1 (e.g., ZnO/silica = 4:3 or greater). 
The furnace temperature (800 °C) was also carefully chosen to avoid zinc silicate 
(Zn2SiO4) formation and maintain their structures, since a formation of Zn2SiO4 was 
observed with a product powder synthesized at a temperature higher than 800 °C, while a 
structure loss after the leaching process was found with a product synthesized at a 
temperature lower than 800 °C (not shown). 
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The electrochemical cells fabricated with the USP-Zs after QD decorations are 
presented in Figure 4.8 and 4.9. SEM images from top of the electrodes (Figure 4.8) 
show that the microspheres form loosely packed, bumpy ZnO layers, while control NPs 
 
Figure 4.5. SEM images of (a) ZnO nanoparticles, (b) USP-Z1 from USP of a diluted 
ZnO dispersion, (c) USP-Z2 from a 4:1 mixture, and (d) USP-Z3 from a 2:1 mixture of 
ZnO and SiO2 dispersions, respectively. Rougher surfaces of USP-Zs compared with 
ZnO nanoparticles are evident. 
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(Figure 4.8A) form a closely packed surface. This result can be also seen from the side-
cut views of the electrodes in Figure 4.9. For example, 7 mg of control NP forms a ~2 m 
thick, densely packed ZnO layer (Figure 4.9A), while 16 – 20 m thick ZnO layers can 
be found from the electrode with the identical amount (7 mg) of USP-Zs, respectively. As 
a result, more pathways become available for CdS/CdSe QDs to penetrate, such that 
better CdS/CdSe distribution within the ZnO layers is obtained. SEM-EDS line scans of 
 
Figure 4.6. Full isotherms of the particles: (a) ZnO nanoparticles, (b) USP-Z1 from USP 
of a diluted ZnO dispersion, (c) USP-Z2 from a 4:1 mixture, and (d) USP-Z3 from a 2:1 
mixture of ZnO and SiO2 dispersion solutions. 
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cadmium in a vertical direction (red lines in Figure 4.9) are a strong indication of this 
result; USP-Z2 and Z3 evenly adsorbed CdS/CdSe QDs down to the bottom of ZnO 
layers (i.e., top surface of FTO layers) than control NP and USP-Z1 with the same 
number of dipping processes performed. An interesting observation is that zinc 
concentration is dominant throughout the device with USP-Z1 (Figure 4.9B), while 
 
Figure 4.7. XRD of the spheres synthesized at (a) 850 °C and (b) 800 °C. Formation of
zinc silicate (Zn2SiO4) is observed. 
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concentrated cadmium on top of the ZnO layer is found at the electrode with control NPs 
(Figure 4.9A). This can be attributed to the effect of densely packed ZnO layer with 
control NP, which inhibits QDs from diffusion.   
The size of synthesized CdS and CdSe QDs on the devices was observed by an 
UV/Vis absorption spectra and TEM images, respectively. In case of CdS, a diameter of 
around 5 nm was calculated from its absorption peak position (Figure 4.10) and a 
followed mathematical calculation described elsewhere.59 Meanwhile, sizing of CdSe 
 
Figure 4.8. SEM images of ZnO electrodes after the quantum dot (QD) decoration: (a)
ZnO nanoparticles, (b) USP-Z1, (c) USP-Z2, and (d) USP-Z3 coated on transparent 
conductive substrates. QDs are decorated after the ZnO layer formation on the 
conductive substrates. 
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QDs was performed in more direct way. As shown in Figure 4.11, the formation of CdSe 
was confirmed first by measuring its characteristic (110) d-spacing, and diameters of the 
specific particles were observed.      
Having established that porous structures in USP-Zs can meaningfully contribute 
to the  better QD distribution in our devices, we compared current density versus voltage 
(J-V) characteristics of the four devices under AM 1.5G simulated sunlight as in Figure 
4.12. The devices with USP-Z2 and Z3 outperformed the device consisting of control NP 
 
Figure 4.9. Side-cut SEM images and their SEM-EDS line scan profiles of the quantum 
dot decorated electrodes with (a) ZnO nanoparticles, (b) USP-Z1, (c) USP-Z2, and (d) 
USP-Z3; white lines indicate profiles of zinc, where red lines indicate the presence of
cadmium. EDS profiles are normalized to the highest peaks of each element. 
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and USP-Z1. The highest open circuit voltage (Voc) is observed in the device with USP-
Z3 (0.67 V) followed by USP-Z2 (0.62 V), USP-Z1 (0.59 V), and then control NP (0.53 
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Figure 4.10. UV/Vis absorption observed after each fabrication step (top) and after
subtracting each component (bottom). The CdS absorption gives an approximate particle
size of 5 nm from the calculation. 
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V) applied devices. The maximum Voc for these devices is set by the difference in the 
Fermi levels between ZnO/CdS/CdSe and a S2-/Sn2- redox couple. The lowest Voc 
observed in the control device may be explained by insufficient charge injection 
occurring at the QDs/ZnO interfaces, which leads to greater recombination as reported in 
earlier literature.12  
The improved performance with USP-Zs can be found when comparing 
photocurrent generation of the devices. As shown in Figure 4.12, the highest short circuit 
 
Figure 4.11. High resolution TEM images of the device after CdSe decoration. The outer
most layer of the device is analyzed to be CdSe (top right) from the comparison of d-
spacings of the consisting materials (bottom). 
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current density (Jsc) is observed with USP-Z3 (830 A/cm2), which is about two times 
higher than the device with control NP (430 A/cm2), while USP-Z2 and USP-Z1 show 
765, and 650 A/cm2, respectively. The enhanced responses are consistent and 
reproducible as shown in Figure 4.13, which illustrates the responses to ON-OFF light 
cycles in every 30 seconds with each device, respectively.  
To quantitatively elucidate the factors behind the improved photocurrent 
generation with USP-Zs, IPCE measurements were performed: photoresponse of each 
device as a function of incident wavelength (Figure 4.14). IPCE is expressed as IPCE = 
(1240·Jsc) / (·Jlight), where Jsc is the short circuit current density at a specific wavelength 
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Figure 4.12. Current density versus bias voltage (J-V) plot of the devices under AM 1.5G
simulated sunlight. Open circuit voltages (Voc) of the devices are found to be 0.67 (USP-
Z3), 0.62 (USP-Z2), 0.59 (USP-Z1), and 0.53 volt (control NP), where short circuit
current densities (Jsc) of 830 (USP-Z3), 765 (USP-Z2), 650 (USP-Z1), and 430 A/cm2
(control NP) are observed. 
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 and Jlight is the incident light power density. In comparison to the control NP, each 
USP-Z has characteristic wavelength where they shows the highest IPCE values. 
Therefore, it is possible that there are different factors, which enhanced photocurrent 
generation of each USP-Z electrode. For example, IPCE of USP-Z1 is substantially 
enhanced in a spectral range between 300 – 450 nm, where absorption is mostly 
dominated by ZnO. This is in a good agreement with the earlier literature about the 
enhanced absorbance obtained at a similar spectral region by forming ZnO aggregates.33 
In the study, Cao reported that ZnO microspheres obtained by aggregation of ZnO 
particles are responsible for the 5 times enhanced photocurrent generation (10.9 mA/cm2) 
compared with the one observed from a commercial ZnO colloid (1.7 mA/cm2) and they 
attributed this result to the more effective light absorption  by the ZnO aggregation.33 
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simulated sunlight.  
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The enhanced performance of USP-Z2 and Z3 can be rationalized by the 
increased surface areas and rough surface morphology. First of all, the increased surface 
areas of USP-Z2 (47 m2/g) and USP-Z3 (65 m2/g) than control NP and USP-Z1 (31 and 
17 m2/g) are responsible for the higher IPCEs at a spectral range between 450 – 600 nm, 
where CdS and CdSe co-sensitized QDs have substantial absorption.20,21 From an 
elemental analysis, more than 2 times higher cadmium concentrations (i.e., CdS and 
CdSe) are found at USP-Z2 and Z3, which originate from the extended surfaces of the 
two USP-Zs as shown in Table 4.1. The higher IPCEs of USP-Z2 and Z3 than USP-Z1 at 
wavelength over 500 nm can also be attributed to the increased CdSe adsorption by the 
higher surface areas. 
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Figure 4.14. Incident photon to current conversion efficiency (IPCE) plot of the devices
at a spectral range between 300 – 600 nm.   
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The overall lower efficiencies of the USP-Z applied devices compared with other 
competing systems such as, TiO2 applied DSSCs and QDSCs should be commented. In 
fact, this phenomenon is very common to ZnO applied QDSCs with a polysulfide 
electrolyte and a platinum counter electrode. Due to the chemical instability of ZnO, 
applicable electrolyte is limited to a polysulfide electrode, while a polyiodide electrolyte 
can be applied to TiO2. However, this electrolyte is partially reactive to a platinum metal, 
the most common counter electrode material; thereby the system loses its electrochemical 
performance in the end.10,17,18 To overcome this problem, researches about a different 
counter electrode material (copper sulfide) or studies about finding better polysulfide 
electrode compositions have been proposed and started to show some promising results.  
 Control NP USP-Z1 USP-Z2 USP-Z3 
Specific surface area  
(m2/g) 
31 17 47 65 
Open circuit voltage  
(Voc, volts) 
0.53 0.59 0.62 0.67 
Short circuit current density  
(Jsc, A/cm2) 430 650 765 830 
Jsc increment 
(Comparison to control, %) 
0 51 78 93 
Zinc concentration 
(weight percent) 
62.9 68.4 47.6 47.6 
Cadmium concentration 
(weight percent) 
10.5 7.3 20.7 19.9 
 
Table 4.1. Summary of the characteristics and performance of USP-Zs.  
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4.4 Conclusions 
It is demonstrated in this chapter that USP-Zs enhanced the performance of 
QDSCs by incorporating porosity into the ZnO semiconducting layers. Our USP-Zs were 
synthesized from pyrolysis of two commercially available colloidal solutions, where 
porosity is controllable by mixing the colloids in a different ratio. Although overall 
performance is lower than the devices with a TiO2 material, porous structures of USP-Zs 
enabled the devices to have two times higher photocurrent generation than that of 
commercial ZnO nanoparticles, due to the increased surface areas and rough surface 
morphology created by USP synthesis.   
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CHAPTER 5 
SONOCHEMICAL SYNTHESIS OF SILICON NANOPARTICLES FOR 
LITHIUM-ION BATTERIES 
 
5.1 Introduction 
As portable electronics have become handier and more heavily used than ever, a 
battery life has been a major bottle neck to better performing devices.1–7 Now the world 
market requires a longer life (over a day with one charge) with a continuous heavy usage 
of devices, which hasn’t been an issue for a long time. To meet the market demands, 
major battery manufacturers have tried to implement new materials to increase storage 
capacity. For example, SONY achieved a 50% increase in storage capacity per volume 
compared with a conventional graphitic carbon anode material by applying a tin-based 
amorphous composite material to their battery ‘Nexelion’ in 2007,5,8 while researches 
about nanostructured tin,8,9 silicon,10–24 metal oxides (Co3O4,25 TiO2,8,26–35 Fe2O336), 
graphenes,37 and composite materials (metal-metal,9,38–42 metal oxide-carbon,43,44 metal-
carbon6,45–56) have been proposed and shown promising results by far. Among them, 
silicon materials have attracted much attention among many alternatives, since it was 
proposed by Boukamp, Lesh, and Huggins in 1981 with the highest theoretical charge 
capacity of 4,200 mAh/g.20 This is possible when silicon is forming lithium-silicon alloy 
with a form Li4.4Si, which expands its volume to 400%; eventually causing pulverization 
of anode electrodes. To prevent this expansion problem with silicon materials, many 
different forms of silicon structures were proposed, including nanobubes, nanowires, 
nano aggregates, and composites with carbon as a pressure absorber. Among the 
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approaches, silicon nanotubes synthesized by butyl-capped silicon nanoparticle solution 
showed the highest capacity (3,247 mAh/g) even after 200 cycles,10 while silicon-carbon 
composites by chemical vapor deposition (CVD) exhibited 2,400 mAh/g after 100 
cycles.49 However, all synthesis routes mentioned above require expensive deposition 
apparatus or complicated multi-step processes for the production of silicon anode 
materials. 
Sonochemistry has found important synthetic applications in materials chemistry 
mainly due to its unique chemical effect caused by acoustic cavitaion,57–63 and Suslick 
group has been a leading research group in synthesizing nano materials by applying 
ultrasound. For example, unusual nanostructured inorganic materials have been prepared 
by ultrasonic irradiations on volatile organometalics (e.g., Fe(CO)5, Co(CO)3NO, 
Mo(CO)6) simply by changing reaction conditions.58,59,61,62,64 Also, sonicating Fe(CO)5 
with carbon sphere templates produced hollow hematite spheres with excellent 
crystallinity.65 
In this chapter, the application of ultrasonic irradiation for the creation of silicon 
nanoparticles as Li-ion battery anode materials and detailed analyses of the material will 
be discussed. Yet, many studies deal with syntheses of silicon materials,66–77 
sonochemically synthesized silicon for a battery application is very unique and not 
reported to the best of our knowledge. 
 
5.2 Experimental 
5.2.1 Synthesis of Silicon Nanoparticles 
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Triethylene glycol dimethyl ether (CH3O(CH2CH2O)3CH3, Triglyme, 99% purity), 
ammonium bromide (NH4Br, 99%), hydrofluoric acid (HF, 50% in H2O), ethylene 
carbonate (C3H4O3, EC, anhydrous, 99%), diethyl carbonate (C5H10O3, DEC, anhydrous, 
99%), silicon nanopowder (Si, <100 nm, ≥98%), and lithium perchlorate (LiClO4, battery 
grade, dry, 99.99%) were obtained from Sigma-Aldrich, sodium silicide (NaSi, 80%) was 
obtained from SiGNa Chemistry, polyvinylidene fluoride (-(C2H2F2)n-, PVdF, battery 
grade, dry) was purchased from MTI Corporation, lithium hexafluorophosphate (LiPF6, 
battery grade, dry, 99.99%) was from Strem Chemical, and conductive carbon additive 
(Super-P-Li) was obtained from Timcal Graphite and Carbon. 
Synthesis of silicon nanoparticles is performed by using an apparatus shown in 
Figure 5.1. In detail, a NaSi slurry was prepared by mixing 0.25 g of NaSi with 25 mL of 
dry Triglyme (heated under Ar flow at 100 °C overnight) in a glove box (O2 <2 ppm) and 
stirred well to get a homogeneous mixture using a Schlenk line technique. Then, the 
solution was cannulated over in a glass sonochemical cell (Figure 5.1) containing 0.2 g of 
dry NH4Br and sparged with argon (0.2 standard liters per minute) during the entire 
synthesis. Then, sonication was performed by an ultrasonic horn (Sonics & Materials, 
model VCX-750, 1cm2 titanium horn at 20 kHz and 40 W/cm2) for about three hours, 
until ammonia gas evolution ceased as indicated by pH paper. The temperature of the 
reaction mixture was kept below 5 °C throughout the synthesis by applying them in a 
temperature controlled water bath. 
After the sonication, product particles were separated by centrifugation (9,000 
rpm for 20 minutes) and washed with a slightly acidified water (degassed 5 wt% HF 
solution) to remove NaBr and other possible byproducts. The particles were rinsed 
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thoroughly for three times with water and dried in a vacuum oven at 90 °C for overnight. 
After the drying process, the powders were kept in a dry glove box (O2 <2 ppm) for 
further electrochemical measurements. 
 
5.2.2 Characterization of the Materials 
Transmission electron microscopy (TEM) was conducted using a JEOL 2010F 
FE-TEM equipped with an energy dispersive spectroscope (EDS, Oxford INCA 30 mm 
ATW detector) and a JEOL 2010 LaB6 TEM operating at 200 kV to observe crystal 
structures and chemical compositions. Powder X-ray diffractions (XRD) were measured 
by a Siemens/Bruker D-5000 system (X-ray condition of 40 kV and 30 mA with a Cu K 
 
Figure 5.1. A schematic drawing of an apparatus and the reaction conditions for the
sonochemical synthesis of silicon nanoparticles for lithium-ion batteries.   
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source) with a scan rate of 0.5 °/min from 20 to 60 degrees. Surface functionality was 
analyzed using a PHI 5400 X-ray photoelectron spectroscope (XPS, Physical Electronics, 
Mg K source) and a Nicolet Nexus 670 Fourier transform infrared spectroscope (FTIR, 
Thermo).  
 
5.2.3 Electrochemical Characterization of the Materials 
All electrochemical performance evaluations were performed using a copper 
current collector with a Li-metal as a counter/reference electrode immersed in an 
electrolyte solution of 1.0 M LiPF6 or 1.0 M LiClO4 in 1:1 ethylene carbonate-diethyl 
carbonate mixture (v/v) solution, respectively. The cycling performance of the materials 
was observed by galvanostatic cycling between 2.0 V and 0.1 V against Li/Li+ at a 
current of 0.1C rate with a CHI760D electrochemical workstation (CH Instruments, Inc.) 
in a glove box (O2 <2 ppm). Calculations of C rates were based on the maximum 
theoretical capacity of silicon (4,200 mAh/g) with taking purity of the silicon materials 
(55 – 60 wt%) into consideration, respectively. 
 
5.3 Results and Discussion 
As TEM images show in Figure 5.2, spherical Si nanoparticles (Sono-Si) are 
successfully synthesized by sonication in less than 3 hours; reaction completion can be 
estimated by probing NH3 evolution by a pH paper. Such a fast reaction could be 
achieved because high intensity sonication at 20 kHz induced a significant number of 
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Figure 5.2. High resolution TEM images of sonochemically synthesized silicon
nanoparticles. 
133 
 
interparticle collisions, such that reaction between NaSi and NH4Br got accelerated as the 
result indicates. This is in a good agreement with the result reported by Suslick and 
Prozorov; in case of solid particles smaller than ~ 200 m, shockwaves created by 
homogeneous cavitation can create high velocity interparticle collisions, with impact 
speeds of several hundred m/s and local effective transient impact temperatures of 3,000 
K.78  
Sono-Si also possesses excellent crystallinity. As clearly seen in Figure 5.2, the 
distance between lattices is 3.12 Å, which well corresponds to a (111) interlayer distance 
of cubic silicon structure. This crystalline feature of Sono-Si is also observed by XRD as 
in Figure 5.3. This crystallinity can be attributed to the extreme condition, which created 
by the interparticle collisions; local heating of 3,000 K must be a high enough 
temperature for the crystallization of Sono-Si.  
The chemical characteristics of Sono-Si were evaluated by XPS as in Figure 5.4. 
The surface of Sono-Si consists of silicon, carbon, and oxygen as the wide scan spectra 
shows in Figure 5.4; concentration of each element with XPS is found to be 44.7, 38.4, 
and 22.1 atomic percent, respectively. As a high resolution spectrum in Figure 5.4 
indicates, there are two forms of chemical bonds found on Sono-Si and the majority of 
the silicon being Si-H (79%, binding energy (EB) = 98 eV), while 21% of Si-Ox (EB = 
103 eV) was observed.  
The particle sizing of resultant Sono-Si was performed by two different methods 
(XRD Scherrer equation of size broadening and dynamic light scattering (DLS)). 
Although, Sono-Si observed by TEM images was around 5 – 10 nm after counting 96
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Figure 5.3. Powder X-ray diffraction of sonochemically synthesized silicon
nanoparticles (top) and a low magnification TEM image (bottom). 
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Figure 5.4. XPS spectra of sonochemically synthesized silicon nanoparticles (Sono-Si); 
(a) a wide scan spectrum at 1,100 – 0 eV shows that Sono-Si consists of silicon, carbon, 
and oxygen; (b) a high resolution spectrum at 111 – 91 eV for Si 2p (lower) represents 
the chemical state of Sono-Si (mostly Si-H at 98 eV). Very low concentration (20 atomic 
percent) of Si-Ox (peaks at 103 eV) state can be observed. 
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particles in total, the size was found to be 45±5 nm when estimated by XRD peak 
broadening (Figure 5.3) and 37.4 nm with DLS (Figure 5.5) technique. This discrepancy 
is possibly coming from the effect of the larger particles (Fig. 5.3) contributing more in 
the calculation of the peak broadening, while most larger particles on TEM grids are 
positioned at edges of the grids due to the capillary force during sample preparation, 
therefore eventually undetected during the analysis.   
Figure 5.6 shows the galvanostatic charge and discharge curves of Sono-Si and 
silicon nanoparticles synthesized by a conventional refluxing method (reflux-Si) as a 
comparison, during the first 10 cycles in a LiPF6 electrolyte. For the measurements, 
identical current rates (0.1C) were applied to each electrode respectively, where C rates 
were calculated by a maximum theoretical value of silicon (4,200 mAh/g) with Li4.4Si. 
From the measurements, Sono-Si showed charge capacity of 3,635 mAh/g at the first 
cycle and discharge capacity of 1,169 mAh/g. However, both charge/discharge capacities 
dropped down dramatically and converged at around 500 mAh/g at its 10th cycle. In case 
of reflux-Si, 2,634 mAh/g and 1,075 mAh/g of charge and discharge capacities were 
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Figure 5.5. Particle sizing with dynamic light scattering (DLS) of Sono-Si dispersion in
ethanol. Average diameters are found to be 37.4 nm. 
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found at the first cycle respectively, and lost most of its capacity at 10th cycle with 178 
mAh/g (charge) and 146 mAh/g (discharge). These poor performances make them 
difficult to distinguish performance characteristics, but it is a common phenomenon to 
pristine silicon materials as can be found in earlier reports. As a control experiment, 
 
Figure 5.6. Galvanostatic cycling performance of silicon particles: (a) Sono-Si and (b) 
reflux-Si. 
138 
 
commercially available silicon nanoparticles (diameter <100 nm, Aldrich) were also 
carried out under the identical condition and compared in Figure 5.7, along with two 
types of synthesized silicon particles. Compared with the commercial particles, both 
 
Figure 5.7. Performance comparisons of Sono-Si, reflux-Si, and a commercially obtained 
silicon nanopowder: (a) charge capacity, (b) discharge capacity, and (c) coulombic
efficiency during the first 10 cycles. 
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Figure 5.8. XRD patterns of Sono-Si before (top) and after (bottom) the galvanostatic
cycling. It is evident from the pattern after the cycling that there is a large amount of LiF
formation during the test.   
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Figure 5.9. XPS spectra of Sono-Si after the galvanostatic cycling: (a) a wide scan
spectrum and (b) high resolution spectrum of Si 2p.  
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synthesized silicon nanoparticles show lower coulombic efficiency (derived from 
dividing a discharge capacity by a charge capacity at a certain cycle). This result can be 
attributed to the small size of synthesized particles compared with the commercial ones, 
and agrees well with an earlier result. For example, Kim and coworkers reported that 
smaller silicon particles draw more side reactions due to an increased surface area with 
nano-sized silicon particles.18 XRD results of Sono-Si before and after the cycle (Figure 
5.8) reveal that there is a significant amount of LiF crystal formation, which eventually 
reduces available silicon for cycling. XPS results in Figure 5.9 are another evidence of 
Figure 5.10. Galvanostatic cycling of (a) reflux-Si and (b) Sono-Si with LiClO4
electrolyte. Much improved cycling behaviors can be observed compared with a LiPF6
electrolyte. 
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significant LiF formation. In the wide scan spectra, a large amount of fluorine can be 
observed; as a result, silicon 2p peak almost disappeared as can be seen in a low count 
per second observed in Figure 5.9B, compared with the one in Figure 5.4B.  
Considering the poor cycling performance with LiPF6, another common 
electrolyte, LiClO4 was applied for the measurements to prevent LiF formation; the 
results of first two cycles are compared in Figure 5.10. Unlike the earlier results with 
LiPF6, it is now apparent that Sono-Si outperforms reflux-Si in all characteristics, 
including charge/discharge capacities, coulombic efficiency, and capacity retention. It is 
noteworthy that the capacity retention of Sono-Si from the first to second discharge cycle 
is outstanding compared with that of reflux-Si.  
 
5.4 Conclusions 
In this chapter, it is demonstrated that silicon nanoparticles (Sono-Si) are 
successfully synthesized by ultrasonic irradiation of a slurry solution. Sono-Si is superior 
to other synthetic routes, in that particles can be synthesized solely by sonicating NaSi 
and NH4Br for less than 3 hours, while conventional refluxing method requires more than 
12 hours of reaction. Also, there is no need for additional capping or annealing processes, 
since Sono-Si is hydrogen-capped and has excellent crystallinity as synthesized. The 
resultant particles showed promisingly high capacities as a Li-ion battery anode material 
with LiClO4 electrolyte by suppressing the LiF formation, while LiPF6 electrolyte 
resulted in a worse result with Sono-Si as nanosized particles caused more side reactions.  
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